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Abstract 
 
An overview of the evolution of synthesis and applications of indium nitride and gallium 
nitride in modern science and technology is provided. The working principles and parameters 
of chemical vapour deposition (CVD) synthesis technique are explored in this study. 
 
In this study indium oxide, indium phosphate, indium nitride and gallium nitride materials are 
prepared by CVD. The versatility of CVD on the fabrication of one-dimensional (1D) 
structures is portrayed. Both change in dimensionality and change in size are achieved by a 
CVD technique. 1D indium oxide (In2O3) nanowires, nanonails and nanotrees are synthesised 
from vapour deposition of three-dimensional In2O3 microparticles. While 1D structures of the 
novel indium phosphate known as triindium bisphosphate In3(PO4)2 were obtained from 
reactions of In2O3 with ammonium phosphate. The effect of temperature, activated carbon 
and the type of indium precursor on dimensionality of the synthesized materials is studied. 
The inter-dependency between temperature and precursors is observed. The presence of 
activated carbon at high temperatures encouraged growth of secondary structures via 
production of excess indium droplets that act as catalysts. The combination of activated 
carbon and high temperature was found responsible for the novel necklace, nanonail, 
nanotree and nanocomb structures of In2O3. 
 
Indium nitride (InN) has for the first time been made by a combined thermal/UV photo-
assisted process. In2O3 was reacted with ammonia using two different procedures in which 
either the ammonia was photolysed or both In2O3 and ammonia were photolysed. A wide 
range of InN structures were made that was determined by the reaction conditions (time, 
temperature). Thus, the reaction of In2O3 with photolysed NH3 gave InN rod like structures 
that were made of cones (6 h/ 750 oC) or discs (6 h/ 800 oC) and that contained some In2O3 
residue. Photolysis of In2O3 and NH3 by contrast gave InN nanobelts, InN tubes and pure InN 
tubes filled with In metal (> 60 %). The transformation of the 3D In2O3 particles to the 
tubular 1D InN was monitored as a function of time (1-6 h) and temperature (700-800 oC); 
the product formed was very sensitive to temperature. The band gap of the InN tubes was 
found to be 2.19 eV and of the In filled InN tubes to be 1.89 eV. 
 
  
 
 XI  
 
Gallium nitride (GaN) and indium gallium nitride (InGaN) nanostructures were synthesized 
from thermal ammonification of gallium oxide (Ga2O3) as well ammonification of a mixture 
of In2O3 and Ga2O3 respectively. The effect of temperature on preparation of high purity GaN 
was studied. The GaN materials synthesized at 800 °C showed a mixture of the gallium oxide 
and the gallium nitride phases from the XRD analysis. However at temperatures ≥ 900 °C 
high quality GaN nanorods were obtained. The band-to-band ultraviolet optical emission 
value of 3.21 eV was observed from the GaN nanorods. However, the preparation of InGaN 
was complicated by the thermally stable In2O3. At lower temperatures inhomogeneous 
materials consisting of GaN nanorods and In2O3 were obtained. While at high temperatures 
(≥ 1050 °C) InGaN was obtained. However because indium has a high vapour pressure and a 
low melting point only a minute amount of it was incorporated in the crystal lattice. 
Hexagonally shaped nanoplates of In0.01Ga0.99N were successfully obtained. A shift in optical 
emission to longer wavelengths was observed for the InGaN alloy. A blue optical emission 
with the energy value of 2.86 eV was observed for the InGaN nanoplates. 
 
The two n-type group III-nitrides (InN, GaN) prepared in this study were used for the 
detection of CO, NH3, CH4 and NO2 gases in the temperature range between 250 and 350 °C. 
The InN sensor and GaN sensor responses were compared to the response of the well-
established n-type SnO2 sensor under the same conditions. All the three sensors responded to 
all the four gases. However, InN and GaN were much more selective in comparison to SnO2. 
InN sensitivity to CO at 250 °C surpassed its sensitivity to any other gas at the studied 
temperature range. Its response towards CO at 250 °C was about five times more than that of 
SnO2 towards CO at the same temperature. While, GaN was the best CH4 sensor at 300 °C in 
comparison to InN and SnO2 sensors at all temperatures. Meanwhile SnO2 responded 
remarkably to both NH3 and CO across the studied temperature range with its performance 
improving with increasing temperature. The ability for InN to respond to both NH3 and NO2 
at 250 °C opens up the possibility for an application of InN as an ammonia sensor in diesel 
engines. InN and SnO2 sensors were found susceptible to humidity interference in a real 
environmental situation. On the contrary, GaN sensor presented itself as an ideal candidate 
for indoor and outdoor environments as well as in bio-sensors because it showed robustness 
and inertness towards humidity. InN and GaN by showing activity at high temperatures only, 
presented themselves as good candidates for in-situ high temperate gas sensing applications. 
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Response and recovery times for all sensors showed improvement with increasing 
temperature.  
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Chapter 1 
Group III-nitrides: Gallium and Indium nitride 
 
1 Introduction  
 
Group III-nitrides were among the earliest compound semiconductors made. Aluminium 
nitride (AlN) was first synthesised in 1907, 1 while indium nitride (InN) and gallium nitride 
(GaN) were reported as early as 1910 2 and 1931, 3 respectively. Even though modern science 
and technology treats group III-nitrides are as "new semiconductor materials", they have been 
around for more than a century to date. The first optical studies of GaN were reported in 
1959.4 Very slow progress was made until the first single crystal GaN study was reported.5 At 
the time InN proved to be a challenge, and studies on group III-nitrides drifted more towards 
GaN. Increased interest in the growth group III-nitrides started in the early 1960s. In 1972, 
Hovel and Cuomo reported the first successful growth of InN thin film with good electrical 
properties using an RF-sputtering method.6  
 
However, even though group III-nitrides were recognised as early as their “the easier-to-
grow” III-V counterparts (gallium arsenide (GaAs), indium phosphide (InP)) and silicon (Si) 
and) they remain far underdeveloped on the semiconductor progress chart. Approximately 30 
years later after the earliest report on GaN; the synthesis, applications and properties of GaAs 
and Si had been recognised and optimised beyond theory. Meanwhile group III-nitrides were 
just beginning to show their promise. However, improvements in epitaxial growth of 
semiconductors led to a better understanding of the group III-nitrides properties and the 
realisation of their commercial applications.7 The research into indium nitride has been rather 
sporadic prior to 1993 and it was only with the success of GaN around this period that, 
researchers started to attentively show interest in the growth of InN, simply for its use as part 
of the all-important InGaN alloy system for LEDs.8 However, since then other scientific 
enterprises have led to the intensified interest in InN. Part of the reason for the escalated 
interest in InN was and still is the intriguing complexity of the material. It also is a rather 
peculiar material from a scientific point of view.  
 
The technological spin-off of the group III-nitrides came rather late because of lattice 
mismatch issues arising between the then available substrates and the group III-nitrides, as a 
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result the produced GaN and InN thin films contained high concentration of defects and had a 
high n-type carriers. 9 Group III-nitride semiconductor material systems were considered to 
be potential candidates for applications at blue, ultraviolet (UV) and near infra-red (NIR) 
wavelengths in a similar manner to their highly successful arsenide and phosphide 
counterparts which had been exploited for their emission of infrared, red and yellow 
wavelengths.10-13 After being the long term semiconductor outcasts, group III-nitrides 
eventually attained a respectable recognition in the science and technology of compound 
semiconductors and optoelectronic devices.14 
 
1.1 Properties and applications 
 
1.1.1 Common crystal structure of group III-nitrides 
 
AlN, GaN and InN are all wide band gap materials that crystallize in both wurtzite and zinc-
blende polytypes. 15 The wurtzite structure crystallises in a hexagonal unit cell which has two 
lattice constants (c and a). In a hexagonal unit cell there are six atoms of each type (group III, 
N). The wurtzite structure has a P63mc space group with non-centrosymmetric C46ν 
symmetry. In a wurtzite structure the two adjacent interpenetrating closely packed sub-
lattices, have each atom type offset along the c axis by ⅝ of the cell height. 15 On the other 
hand, the zincblende structure crystallises in a cubic unit cell consisting of four group III 
elements and four nitrogen elements. The zincblende structure has a F43m space group with a 
T2d symmetry.15 Hexagonal GaN and InN have direct band gaps of 3.4 and 0.7 eV 
respectively, while hexagonal AlN has an indirect band gap of 6.2 eV. The schematic 
illustration of a differentiation between a direct band gap and an indirect band gap is shown 
in Fig. 1.1. With the extensive range of band gaps presented by the three group III-nitrides, 
GaN alloyed with AlN and InN can extend over a range of band gap energies from the 
ultraviolet wavelengths all the way into the near-infra-red wavelengths. The possibility of III-
nitride alloys with band gaps that can cover the entire wavelength spectrum has made the 
nitride alloys attractive for optoelectronic applications, such as light emitting diodes (LEDs), 
laser diodes (LDs), and photodetectors, that can work in the yellow/green, blue or UV 
wavelengths. While similar optoelectronic applications based on AlInGaP heterostructures 
had already been demonstrated for LED applications, the device was limited to ~ 550 nm.16  
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1.1.2 Light emitting diodes (LEDs) 
 
Including group III-nitrides to the class of high quality semiconductor devices was considered 
essential for developing full-colour displays and high density optical storage devices. 17 By 
combining the blue/green LEDS based on GaN with the red LEDs based on GaAs, the 
working principle of full-colour displays as well as white light illumination was brought to 
life.18 Power consumption in the solid-state white light source may be reduced by 80-90% 
and the lifetime elongated by mixing the primary colours in a light scrambling (polarized) 
configuration in comparison to the incandescent or fluorescent light sources. 16 
 
Fig. 1.1. Schematic presentation of a photon emission process in (a) direct and (b) indirect 
band gap semiconductors.19 
 
1.1.3 High temperature applications 
 
As a result of their wide band gap nature and high n-type inherent doping, Group III-nitrides 
have gained a lot of attention for use in high temperature electronic device applications. For 
instance, GaN is a promising candidate for high temperature applications because it goes 
intrinsic at higher temperatures than Ge, Si and GaAs. Thus high power devices based on 
GaN can eliminate the need for extravagant cooling systems and complicated structures 
required for efficient heat extraction, hence cut down the operating costs for intended 
application of such devices. 20 It is an expectation from a scientific point of view, that when 
the high-temperature technology based on the group III-nitrides has matured it will allow the 
massive hydraulic system in aircrafts and the mechanical control systems to be replaced with 
the compact heat tolerant “on-site control” electronics in what is referred to as “the all-
electric aircraft.” 20 Reduction in weight and complexity as well as minimization if not 
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elimination of an eminent fire hazard which is the current hefty hydraulic system can be 
attained through the realization of on-site electronics, actuators and sensors based on high 
temperature group III-nitride devices. 15, 21 
 
1.1.4 Microwave applications 
 
Group III-nitrides are good candidates for high frequency devices, particularly in the 
microwave range. The power transistors based on group III-nitrides would most likely find 
use in the high frequency range( ≥ 5GHz) due to properties unique to these nitrides such as 
high electron concentration, high electron mobility, and high breakdown voltage,20 while SiC, 
GaAs, and Si, would be applicable at low frequency (≤ 3 GHz). 20 GaN and InN could also be 
applied for earthbound and satellite based communication, where high power microwave 
amplifiers are of significance. Group III-nitrides also present themselves as appropriate 
candidates for the necessary improvement in power efficiency of the solid state microwave 
ovens. 21 The heterostructure technology based on group III-nitrides, can easily sustain a 
modulation-doped heterointerface and heterojunction device as compared to SiC, and in so 
doing new spectral regions applicable to the innovative optical and electronic devices can be 
attained. Today group III-nitrides are comparable to the AlGaAs/InGaAs alloy system which 
has become the point of reference for microwave device applications.  
 
1.1.5 Lasers 
 
Wide band gap group III-nitrides have acquired a lot of attention as the new candidates in the 
field of digital information storage. Digital information storage and reading requires coherent 
light sources in the form of lasers as opposed to polarized light sources used in colour display 
and lighting applications. 22 By focusing the coherent light beam to a diffraction limited spot, 
a highly accurate optical system which can record and retrieve digital information with ease 
can be created.22 The focal diameter can be reduced easily by using shorter wavelengths of 
the coherent light, thus increase the recording density of a digital storage device. For instance 
the recording capacity of digital storage device can be increased by using GaN-based lasers 
that operate at shorter wavelengths. The group III-nitride based lasers operating in blue and 
UV wavelengths have been found to enhance the data storage density in excess of 1 
Gigabytes/cm2. 23 As a result the projected digital storage devices numerous corporations 
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invested in the research of making lasers for affordable compact digital information storage 
system. While high power red lasers through wavelength doubling offered a way to increase 
the storage capacity, compact coherent light sources offered a cheaper alternative by allowing 
emission a specified wavelengths.22 Even though the II-VI semiconductors are the pioneers of 
diode lasers, their setbacks in laser applications have always been high thermal resistance, 
low thermal stability, large ohmic-contact resistance and low damage threshold. 24, 25 
 
1.1.6 Photodetectors 
 
The fact that the earth’s atmosphere “is opaque” at wavelengths of ~ 200 nm led to increased 
research in GaN based photodetectors. As it turns out the earth to space communication will 
require UV sensitive detectors which are specific to the specified optical window. The current 
satellite monitors are based on Si photodetectors which make use of massive wavelength 
filters in order to select the UV-solar radiation.26 However, the need for wavelength filters 
can be eliminated by using the GaN detectors that are blind to the visible light, thus compact 
spectroscopic monitoring equipment can be achieved. GaN based photodetectors can also 
find use in monitoring combustion processes where UV emission is a by-product to be 
detected. GaN photodetectors with responses up to 365 nm have been reported. 27 However, 
the major challenge in using nitride based photodetectors arises from crystal defects which 
have the ability to immobilise carriers for long periods of time, ultimately slowing down the 
detector response. Measures to reduce the defects and enhance the detector responsivity have 
been documented.28 
 
Interest in GaN based photodetectors operating in the X-ray field is also escalating. 
Photographic films are still the major stake holders in X-ray imaging and detection while the 
use of semiconductor detectors is still at the early stages. Detectors based on larger atomic 
mass semiconductors have high response rates enabled by the ability to absorb more X-ray 
photons, but they suffer from performance degradation due to their low band gaps. Generally, 
semiconductors with low band gaps in are mechanically less resilient and susceptible to 
photon damage than wide band gap semiconductor materials. 29 Thus, GaN with its wide 
band gap energy is a suitable candidate for X-ray detection. However, due to 
photoconductive gain in the GaN detector, the photovoltaic characteristic are compromised 
and the response time elongated. 29 In another study a GaN X-ray detector with a long 
 Chapter		-Introduction 	
 
   
 
response time due to intrinsic limitations (low absorption of X-rays and activation of defects) 
was reported. It was indicated that defects in a GaN X-ray detector were not created but 
rather activated by the X-rays to a metastable state which has a long lifetime. 30 Measures to 
improve performance of the devices were attempted. Reduction of the doping level of the 
active region allowed a sustainable photovoltaic behaviour at a larger reverse bias voltage. 30 
Measures to improve the signal to noise ratio led to GaN X-ray detectors which compete with 
Si, above 12 keV where GaN is strongly absorbing and Si is not.31 An X-ray detector based 
on Fe-GaN photoconductor exhibiting a large signal to noise ratio and short transient time 
with a response time of about 28 seconds was reported and an image of a steel nut was 
mapped by an X-ray scanning GaN detector. 32 
 
1.2 InGaN Alloys 
 
Most of the successful GaN and InN devices are based on the heterostructure working 
principle to enhance their performance. Properties of the group III-nitrite alloys have been 
studied on order attained a detailed understanding of their fundamental mechanisms of 
operation. Majority of these properties such as the energy band gap, effective masses of 
electrons and holes, and dielectric constant depend on alloy composition. 
 
1.2.1 Properties of InGaN alloy  
 
InGaN alloy consists of GaN and InN solid solutions. The reviewed band gap of InN and 
subsequent findings associated with the new band gap value have led to the revised device 
applications of group III-nitride alloys. The band gap of InGaN alloys ranges from 0.64 to 
3.42 eV and closely matches the solar spectrum. This has led to increased interest in 
application of group III-nitride alloys in high-efficiency solar cells. The important 
wavelength 1550 nm (~ 0.8 eV) for fiber optics is just slightly higher in energy than the band 
gap of InN, and can therefore be emitted by InN when alloyed with small fractions of GaN. 
The visible spectrum is well within the band gap range of the InGaN alloys allowing the 
fabrication full-colour light emitting devices with this single alloy system. The InN growth 
presents a challenge to the general growth process of the InGaN system because of the high 
equilibrium vapour pressure of nitrogen.33 Because InN is thermally unstable at usual GaN 
growth temperatures, the hurdle in making high quality InGaN is finding a growth 
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temperature suitable for both participants. The growth temperature in question can be 
influenced by the dopant atoms, as well as the growth method (MBE, MOCVD, etc.). The 
tendency for phase segregation to occur is also an eminent challenge, particularly for indium 
compositions ≥15%. Evidence of nano-scale phase separation from measurements of strain 
variations in high-resolution electron microscopy has been reported. 34 Over the past decades 
the band gap dependence of InGaN on In mole fraction has been studied and reported by a 
number of researchers. 35-38  
 
1.2.2 InGaN solar cell application 
 
InN and InGaN have the following advantages for solar cell applications: a band gap 
continuously tuneable within the energy range of the solar spectrum; large resistance against 
high energy particle radiation, making them suitable for space applications; a strong phonon 
“bottleneck” effect to slow down hot-carrier cooling and advantageous band alignment with 
respect to Si, so that a recombination junction exists naturally for cells using a Si base. 39 A 
number of studied have put immense effort in realising high efficiency solar cells based on 
InGaN.40 However, the challenges entailed in growth of these materials may undermine their 
novel applications. Usually the maximum solar energy conversion efficiency (43%) is 
achieved in triple-junction cells based on three different semiconductors with fixed band gaps 
and nearly matched lattice constants (Ge (0.7 eV), GaAs (1.4 eV), and GaInP (1.9 eV).41 In 
order to attain a 50% conversion efficiency using the multi-junction concept, four or more 
junctions are needed. Finding materials with the required band gaps becomes a major 
challenge. For example, from detailed balance modelling, for an ideal four-junction solar cell 
that can reach 62% theoretical efficiency, a tandem of junctions with band gaps of 0.6, 1.11, 
1.69, and 2.48 eV is required.42 The InGaN alloys would allow fine tuning to optimize the 
performance of these cells by offering flexibility in the choice of the band gaps.43  
 
1.2.3 InGaN blue, green and red LEDs 
 
Light emitting diodes have found many applications in modern science and technology. The 
advancement of most technologies such as printing, communications, displays, and sensors 
rely on progressive production of compact, reliable and inexpensive LEDs. Majority of 
semiconductor LEDs available today are based on the more matured technology of the III-V 
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semiconductors such as GaP, GaAs, and AlGaAs. The InGaN research has set out to 
efficiently utilise their inherent direct energy band gap nature to attain high optical emission 
efficiency. The efficiencies of the currently available commercial blue LEDs based on SiC 
require high drive currents in order to achieve their projected outdoor displays applications as 
a result of their indirect band gap nature. More limitations of the SiC based LEDs arise from 
its blue green emission peak wavelength which would be insufficient where full colour 
display applications are concerned. However, GaN based LEDs are not susceptible to these 
limitations.44 LEDs emitting in the UV, blue, green, amber and red wavelength regions of the 
spectrum have been achieved through the use of InGaN active layers.45 The In composition 
fluctuation in the InGaN active layer have been deemed responsible for the observed high 
efficiencies of the InGaN-based emitting devices. 45 It has been reported that the performance 
of InGaN based devices is not influenced by dislocations as compared to the conventional III-
V semiconductors.46 Through the InGaN technology it is possible to realize high efficiency 
white LEDs without the use of a phosphor (luminescent material) by stacking several InGaN 
quantum wells (QWs) whose In compositions are different.47 
 
1.3 One dimensional (1D) group III-nitrides  
 
In comparison to their bulk counterparts, low dimensional nanoscale semiconductors present 
an interesting case study due to the influence that their high surface areas and quantum 
confinement phenomenon have on their electronic, optical, chemical and thermal properties. 
Achieving 1D nanostructures with precise dimensions, composition and crystallinity is of 
tremendous interest in science and technology in order to establish the structure-property 
relationship and related applications. 
 
1.3.1 Thermal properties 
 
Establishing and understanding the thermal properties of 1D nanostructures is important for 
their implementation as basic units in building nanoscale electronics and photonic devices. 
Several GaN nanowire based devices with high-power/high-temperature electrical 
applications have been demonstrated.48, 49 It is well documented that miniaturization into the 
nano-regime can lead to reduction in the melting point of a material.50 For instance when the 
melting and recrystallization of germanium nanowires was investigated, a significant 
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decrease in melting point (650 °C vs bulk 930 °C) was found. The effect was observed to be 
inversely proportional to the diameter of the nanowire. Recrystallization occurred at a lower 
temperature (558 °C) than the melting point.51 The decline in melting point in the nanoscale 
regime has several important implications. First, synthesis of defect-free materials can be 
achieved by annealing of these materials at a fraction of the annealing temperature required 
for the bulk. Thus, zone-refining at moderate temperatures can be realised as well as the 
possibility of creating interconnects by welding nanowires at moderate temperatures. This 
would most likely provide a new tool that will enable the integration of 1D nanostructures 
into functional devices and circuitry. 
 
1.3.2 Electron transport properties 
 
Electron transport properties become more important as the dimensions of nanostructure get 
immensely smaller. It has been have indicated that some metal nanowires with diameters 
below certain values transition to become semiconductors. For instance bismuth nanowires 
were reported to have undergone a transition from metallic to semiconductor at a diameter of 
~ 52 nm.52 It was proposed that due to quantum confinement effects the conduction sub-band 
and valence sub-band of this system moved in opposite directions to open up a band gap. 
However, for semiconductors, quantum confinement appeared not to impact on electron 
transport properties. Measurements on GaN nanowires (17 nm) showed that the material 
maintained its semiconductor band gap.53  
 
1.3.3 Photoluminescence optical properties 
 
Optical properties of materials in the nano-regime are of interest because they are informative 
in terms of quantum confinement of photons, 54 and because they differ from those of their 
bulk counterpart. 54 Restricting the degree of an electron motion in any one direction will 
alter the electronic density of states of the particular material near the band edge. 55 Thus, the 
shift in exciton transition energies is likely to occur, more especially if the material 
dimension is close to the Bohr radius of the exciton. 55 The Bohr radius for GaN was reported 
to be in the range of 3-11 nm. 56, 57 However, most GaN nanostructures have diameters larger 
than the Bohr radius, blue shifts from the band edge transition of 3.4 eV are very rare in these 
materials. However, a 200 and 60 meV blue shift of the band-to-band transition energy was 
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observed for GaN nanowires (d ~ 10-40 nm). 58 Due to the difficulty in achieving GaN 
nanostructures within the limit of the Bohr radius, the origin of the blue shift is a subject of 
debate. One possible origin of blue shifts beyond the quantum confinement regime may be 
the presence the surface states/defects. However, in doped n-type GaN nanostructures, the 
blue band edge emission is accompanied by a band at 2.2 eV popularly known as the yellow 
band. 59 With InN nanostructures an unusual temperature evolution of the PL peak energy 
(EPL) has been observed to not comply with the trend of nondegenerate semiconductors. InN 
has been established as a degenerate (semi-metal) semiconductor that undergoes a blue shift 
of the EPL with increasing temperature. 60 Shen et al. proposed that the shift in peak energy 
was due to a surface band bending as a result of the high surface charge density. 55, 60, 61 
 
1.3.4 Nanoscale sensor 
 
Nanomaterial-based sensors made from particles, tubes and wires have been reported. 62-64 
Sensors based on nanostructure have an advantage over the bulk counterparts due to their 
increased surface-to-volume ratio. Their large surface area cause increased device sensitivity 
by offering more attachment sites for the analyte species. The application of 1D structures in 
sensing of important molecules for medical, environmental or security purposes is made 
possible by their limited dimensions and high sensitivity which allow their investigation in 
in-vivo diagnostics. The dimensionality of the nanosensors reduces the invasiveness of the in-
vivo sensing techniques. 65 While conventional semiconductors like Si and GaAs are not ideal 
for direct electronic charge exchange with bioorganic systems, wide band gap 
semiconductors such as GaN which can cover the highest occupied molecular orbitals to the 
lowest unoccupied molecular orbitals in bioorganic systems are favourable for bioelectronics 
applications. 65 Also their chemical inertness and biocompatibility is an added advantage. 54 
The use of 1D group III-nitride nanostructures in biosensors has been documented.55, 66-68 The 
surface electron accumulation layer and small effective electron mass of InN also finds 
application in chemical sensing and fast electronics.39 Most importantly nanostructures allow 
for a high density of devices on a chip can be achieved. 69 
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1.4 Defects in group III-nitrides 
 
The properties of the nitrides are strongly sensitive to the presence of native defects in these 
materials than are the properties of their III-V counterparts. Of the three Group III metal 
nitrides, GaN and InN optical and electrical properties are particularly susceptible to the 
native point defects. Recognition of potential applications of these materials requires a proper 
understanding of the nature of native defects in each material and that entails an 
understanding of the charge densities and electronic energy levels generated by point defects. 
Lattice defects in these materials may trap carriers, either presenting a space charge or 
increasing the density of point charges resulting in degradation of mobility in a conductive 
material.70 Defects can also introduce levels in the band gap, which when occupied by 
electrons alter the resultant energy of the system. 
 
Apart from their intrinsic high electron mobilities and the electron accumulation, defects in 
group III-nitrides have played a significant role in influencing their properties and 
applications. Therefore comprehending the nature and origin of defects found in III-nitrides is 
paramount to their properties and projected applications. GaN and InN are intrinsically n-type 
with a carrier concentrations of ≥ 1016 cm-3, it is however not clear which type of point 
defects are accountable for their n-type nature. 71-73 One notion is that the nitrogen vacancy 
acts as a shallow donor which in turn instils the n-type conductivity. 73 A different notion 
suggested that due to their low formation energy, Ga vacancies are highly favoured and the 
yellow emission observed in optical measurements of GaN is all the necessary evidence for 
Ga vacancies. 74 The fact that the yellow band emission is inhibited under Ga-rich conditions 
supports this theory. The on-going debate is that the n-type conductivity and the yellow 
emission originate from different defects and impurities in different samples produced by 
different synthesis techniques.55 
 
A point defect can be described as an imperfection within the crystal lattice, either a missing 
atom creating a vacancy in the lattice, an extra atom situated between two normal lattice 
points creating an interstitial or atoms of different types in a compound or an alloy exchange 
positions forming an antisite defect. When an atom migrates to an interstitial site leaving 
behind a vacancy in the lattice a double defect known as a Frenkel pair/defect is formed. A 
schematic representation of the possible point defects in InN is presented in figure 1.2. The 
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Kröger-Vink notation has been developed to describe the defects in an ionic compound.75 
There are three parts in this notation: the main body representing a vacancy or an atom, the 
subscript part for the host lattice site or interstitial, and the superscript part for the relative 
charge.76 The common lattice point defects include among others; metal vacancy (VM), 
nitrogen vacancy (VN), interstitial nitrogen (Ni) and antisite defects (MN) and (NM)) likely to 
persist even under optimal growth conditions.  
 
The fundamental properties of a semiconductor that determine its characteristics are the width 
of the energy gap, the carrier concentration and the mobilities of electrons and holes. Welker 
postulated that the band gap of a material depends on its binding energy and the effective 
charge of the constituent atoms. 77 A number of factors that can either be directly or indirectly 
connected to the binding energy or the lattice energy were suggested to have an influence on 
the band gap energy. 78-80 This was attributed to the ionic character of a bond or in effect to 
the polarizability of the component atoms, in agreement with the ideas proposed by 
Folberth.78  
 
Fig. 1.2. Point defects: indium vacancy (VIn), nitrogen vacancy (VN), interstitial nitrogen (Ni), 
indium on nitrogen site (InN), nitrogen on indium site (NIn). 121 
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1.5. On the controversial group III-nitride (InN): the under laying issues 
 
Controversy surrounds InN in terms of its band-gap, the effective electron mass, the defect 
properties, the role of oxygen, and the variation of the decomposition temperature. Some of 
the older literature has already addressed these problems; in particular a working model of 
oxygen in indium nitride has been laid to rest. A wide variation in measured values of the 
fundamental parameters, including the band-gap, lattice constants, carrier concentration and 
effective electron mass have been documented, an indication of limited understanding and 
knowledge of this material. The main limitation to a proper understanding has been the 
difficulty in consistently applying standard measurement techniques developed for other III-
V materials.8 Thus an informed understanding of InN is subject to understanding and 
appreciating the limitations of the measurement techniques applied to the material and also an 
accurate recognition of the unusual nature of this material. A great part of the interest in this 
material relates to its uniqueness, and the perception that understanding its science from the 
artefacts of measurement has only just begun.8  
 
Up until the late 1990s the bandgap of InN was settled at 1.89 eV. In 2001, evidence 
suggesting a narrower band gap for InN was reported. 81 In 2002, the higher value was 
attributed by Davydov et al. to the possible presence of In2O3.82 Based on experimental 
results obtained from photoluminescence spectroscopy and infrared absorption data, support 
for establishing the band gap of indium nitride as 0.7 eV was initiated. 82, 83 A band gap of 0.7 
eV would open a whole new world of applications for this material. A massive research 
interest into making this low band gap InN occurred. The proposed applications ranged from; 
transistors, to solar, to missile detectors. However most of these applications to date have not 
been realised, because even with the improved synthesis and characterisation techniques, 
studies continue to produce the higher band gap value for InN. This was an extremely 
frustrating outcome for most researchers who accepted a lower band gap. This saw studies 
into InN take a plunge. 
 
However, later the issue of the band-gap was revisited with strong evidence that the 0.7 eV 
feature is due to a deep level defect related to indium rich aggregates. It was suggested that a 
strong optical absorption at photon energies below the band gap in indium nitride had already 
been observed in the early 1970’s.6, 84 A defect below the conduction-band edge at 0.7 eV, 
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was reported in 1986 from infra-red absorption measurements of samples with electron 
concentrations in the range 1016-1018 cm-3. 85 Some authors suggested that observations of the 
low band gap value (0.7eV) was related to this defect.86 On the basis of the k.p theory which 
relates the conduction-band effective mass (m*) to the band gap (Eg) a fit for InN was 
obtained, if the band gap was taken to be 1.9 eV for the then accepted effective mass ratio of 
0.11. A discrepancy for a band gap of 0.7 eV based on the effective mass ratio using this 
theory was then suggested. Therefore, the validity of assigning the 0.7 eV emission to band-
to-band recombination was placed in question. Alternatively it was suggested that it would be 
acceptable to treat this as a defect-related phenomenon.86 
 
However, until these results were reported, all the experimentally obtained InN gave a band 
edge emission of 1.89-2.1 eV.85 It was indicated prior to the explanation based on oxide 
impurity that samples which did not contain any oxide impurities gave an emission 
corresponding to 1.9 eV.87-89 Henceforth the InN band gap debate had recommenced. Factors 
for or against the higher value band gap are largely used to explain why the higher value 
could not be the true value.  
 
1.5.1 Moss–Burstein effect 
 
The Moss-Burstein effect is one of the long standing theories in InN studies used to explain 
the observation of the higher band gap value. The Moss-Burstein shift occurs when the 
carrier concentration exceeds the conduction band edge density of states (i.e. above the Mott 
critical density) such that the Fermi level lies within the conduction band. When electrons fill 
the bottom of the conduction band, the band-gap measured by optical absorption is increased. 
The possibility of a Moss-Burstein shift occurring in InN is not a debatable issue; however, 
the extent of the shift is in contention. 
 
1.5.2 Trap levels 
 
The observation of a photoluminescence peak in the near infra-red region has been used as a 
major evidence for the 0.7 eV band gap. However, there are several possible sources other the 
band-to-band recombination for the observation of photoluminescence peaks. Amongst the 
probable sources of optical emission deep level traps offer a plausible explanation for the 
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group III-nitride semiconductors; for instance, the yellow band emission commonly observed 
in GaN photoluminescence spectrum.90 
 
1.5.3 Stoichiometry 
 
The stoichiometric ratio of the indium metal atoms to nitrogen atoms in InN is also in 
contention, from which two theories ensue. One theory is related to indium-rich materials, the 
other related to nitrogen rich materials. The indium-rich debate suggests that the ∼0.7 eV 
optical emission results from deep level defects associated with indium rich aggregates.91, 92 
The nitrogen rich debate suggests the high band gap optical emission is associated to extra 
nitrogen atoms occupying the indium-antisite in the crystal lattice. 
 
1.5.4 Effective mass measurements  
 
Adding to the challenge at hand is the fact that band gap parameters are mostly derived from 
indirect methods of limited accuracy such as infrared reflectivity measurements whose 
calculations are based on not well established factors such as refractive index or absorption 
coefficients. The values of the effective mass are also scattered over a wide range from 0.05 
to 0.11 m0 for carrier concentrations in the range 1017 to 1019 cm−3 based on different 
characterization techniques.  
 
Photoluminescence measurements performed in the presence of high magnetic fields (30 T) 
in n-type indium nitride were reported to show an electron effective mass between 0.093 m0 
and 0.107 m0 depending on the carrier concentration (1017 to 1018 cm−3).93 In a different 
study, using plasma edge absorption, InN epilayers were found to have an electron effective 
mass of 0.05 m0 for films with varying electron concentration (1017 to 1019 cm−3). 94 Another 
study using even a stronger magnetic field (60 T) with indium nitride epilayers grown on c-
sapphire, gave an effective mass of 0.062 ± 0.002 m0 for samples having an electron 
concentration near 1018 cm-3. After nonparabolicity and polar corrections the estimated 
effective mass was found to be 0.055 ± 0.002 m0.95 An increase in the electron effective mass 
with increasing electron concentration, showing a nonparabolic conduction band in InN was 
reported.96 Also the standard Hall effect measurements on thin films do not provide accurate 
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values for the bulk carrier concentration due to the presence of interface electron 
accumulation layer that opens parallel conduction channels in InN thin films. 97 
 
Indium nitride is an n-type semiconductor with high electron concentrations. Most of the 
reported electron concentrations are in the range 5 x 1018 to 5 x 1020 cm-3. 6, 84, 98 Samples 
with n < 1016 cm-3 are possible under nitrogen rich conditions where a reduction in nitrogen 
vacancies can be achieved.99 In degenerate materials where electron mobilities are low band 
filling effects elevated the band gap. A degenerate material is one with high levels of electron 
concentration such that it acts more like a metal. In stoichiometric materials electron 
mobilities up to 4000 cm2 V-1s-1 can be attained and a band gap value of 1.9 eV realised. The 
InN crystals with an electron concentration of 2 x 1018 to 1 x 1019 cm-3 were investigated and 
the energy band gap value of 0.63 eV reported.100 
 
1.5.5 The role of defects in the InN bandgap debate 
 
In order for InN to reach its projected potential, a fundamental understanding of the nature 
lattice defects and surface/interface entities that impact on its characteristics is necessary. 
However, this escalates the complexity of InN because the origin of its n-type conductivity 
and the nature of defects associated with it is also a subject of debate. Nitrogen vacancies 
(VN), oxygen (ON) and silicon (SiIn) impurities, or interstitial hydrogen (Hi) were associated 
with the n-type conductivity of InN for a while.8, 70, 101-103 However with the production of 
pure InN, the contribution of impurities such as oxygen, hydrogen and silicon was 
eliminated; leaving the nitrogen vacancy theory as the most probable candidate responsible 
for explaining the origin of n-type conductivity in InN.  
 
Reports supporting the existence of nitrogen vacancies suggested that low electron 
concentrations in InN result from increased nitrogen on indium antisite (NIn). Similarly, a 
reduced nitrogen content results high electron concentration due a higher density of VN while 
an increase in InN, would equally do the same. However, others argued that indium is too 
large an atom to occupy a nitrogen site hence, InN defects would not be naturally favourable. 
Therefore on the basis of the existence of nitrogen vacancies some researchers, in an attempt 
to explain the origin of n-type InN, suggested that there existed two types of InN (indium-rich 
or nitrogen rich) depending on the growth conditions. Type I would usually be prepared at 
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high growth rates and nitrogen deficient conditions producing high nitrogen vacancies which 
in turn result in the high electron concentrations (n > 5 x 1017 cm-3), favouring to the 
generation of InN antisite defects. Type II, on the other hand, would be grown at low growth 
rates, at nitrogen rich conditions which will produce low VN concentrations (n < 2 x 1017 cm-
3) and are conducive to NIn antisite formation.70 These were in turn used to explain the 
distinct differences of the two reported band gap values. They suggested that a rather 
shallower optical absorption feature at 0.7-1.2 eV in InN was of p-orbital like character and 
the type-II feature is associated with NIn (nitrogen rich InN). 70 
 
Low formation energy for defects has been used as an explanation for in-situ defect formation 
characteristic to InN. However, previous calculations103, 104 assuming a thermodynamic 
equilibrium, have proposed a high formation energy for nitrogen interstitials in InN. 103, 104 
The nitrogen vacancy (VN), with its donor characteristics, has the lowest formation energy in 
comparison to all defects in InN.103, 105 Even though it is considered relatively small this 
energy is still quite large (>2 eV), minimising the formation and hence the concentration of 
this native defect in as-grown InN materials. Therefore it is not surprising that nitrogen 
vacancies, regarded as the main donors in InN, have not been observed. Even through 
positron annihilation measurements the presence nitrogen vacancies in molecular beam 
epitaxy (MBE) materials has not been detected. Positron annihilation is a well-established 
technique for observation of vacancies, and can distinguish with ease the indium vacancies 
from nitrogen vacancies. Native defects with high formation energies in as-grown samples 
ideally should not be observed and if they occur it will have to be in minute concentrations. 
103
 As a result, most experimental studies of defects in InN take the route of artificially 
creating defects in as-grown samples. It is questionable whether this helped unlock the 
mysteries surrounding the inherent defects in InN or created more problems. For instance 
Petravic et al used synchrotron-based near-edge X-ray absorption fine structure (NEXAFS) 
spectroscopy to report on nitrogen-related defects in InN. 106 The authors created defects by 
ion bombardment. They then attributed the observed levels within the energy gap or the 
conduction band of InN to interstitial nitrogen, antisite nitrogen, and molecular nitrogen.106 
The setback is that with ion bombardment, the creation of NIn defects, 107 comes at the cost of 
concurrently creating molecular nitrogen as the nitrogen bonds to surrounding get broken. 108 
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It has been indicated through theoretical studies the formation energies for extra nitrogen 
defects or species in InN are remarkably high. 102 These studies were based on the assumption 
that InN growth occurs at conditions of thermodynamic equilibrium. However, growth 
techniques, such as sputtering PA-CVD and RF-MBE utilize plasma sources operating far 
from conditions of thermodynamic equilibrium. Hence, such formation energies of defects 
that otherwise would not be favoured can actually be much smaller under conditions resulting 
from these techniques.109 The lowest potential energy produced by nitrogen plasma is above 6 
eV, which if far greater that the nitrogen vacancy defects formation energy (~ 2 eV). Thus, 
more than enough energy to establish defects with high formation energies is produced by 
plasma based synthesis techniques. Therefore nitrogen related defects are possible in InN 
through the use of plasma sources for growth. 110 Molecular beam epitaxial growth is 
kinetically driven and operates away from thermodynamic equilibrium, yielding deviations 
from stoichiometry due to subtle changes in growth parameters like substrate temperature, 
flux rates of species, etc. 111, 112 
 
On the other hand it has been argued that though an In vacancy (VIn) can cause a reduced 
lattice volume, these shallow acceptors cannot explain the high carrier concentrations 
observed in InN films.113 It has to be noted that the presence of N interstitials will increase 
the lattice volume with a lattice parameter larger than the relaxation parameter. It can be 
speculated that the increased lattice volume due to nitrogen interstitials could be compensated 
by the reduction in lattice volume due to indium vacancy or nitrogen antisites, resulting in 
minimal hydrostatic strain in InN.113 Using different techniques, studies have reported on 
defects in InN. Some authors based on InN lattice dimensions obtained by X-ray diffraction 
and on the analysis of photoelectron peaks attributed the major defects to nitrogen-on-indium 
antisite (NIn), interstitial (Ni) and nitrogen vacancies (VN).106, 110, 111 
 
All the peculiarities observed in InN and lack of concrete proof for associated explanations 
have slowed down the research on pure InN. While studies on InN cannot be totally avoided 
the majority of current research is still focused on GaN and InGaN alloys. To date InN 
remains an understudied member of the group III-nitrides. 
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1.6 Problem statement 
 
The mainstay of the economy in South Africa, i.e. the mining industry, has introduced 
environmental concerns. South Africa has to deal with the challenge of protecting the 
environment while still sustaining the economic growth.114 South Africa’s dependence on 
coal-based electricity places the country amongst the highest CO2 emitter in the world, with 
per capita emissions being ~ 3,5 times higher than the average for developing countries.115 
Green-house gas (GHG) emissions such as carbon dioxide (CO2), methane (CH4) and oxides 
of nitrogen are major contributors to climate change in the form of global warming.  
 
A key concern is that climate change has the potential to undermine economic growth. 
Therefore, there is a need for South Africa to place climate change at the centre of its 
economic policies.116 In 2009 at the Copenhagen negotiations, South Africa committed to 
reducing its GHG emissions. Under the Copenhagen accord, South Africa pledged to 
undertake nationally appropriate mitigation actions to ensure that its GHG emissions deviate 
from the growth trajectory by ~ 34% by the year 2020. 117  
 
Therefore there is a strong and urgent demand to monitor and control our ambient 
environment, especially because South Africa may be required to take on a bigger burden 
regarding emissions if its per capita emission levels were to be used to determine its share of 
the emissions.118 
 
Over and above issues of global warming, the reliable detection of deadly, toxic and 
environmentally stable gases and chemicals still remains a challenge. Majoring of the current 
sensors are unstable at high temperatures limiting their application to room temperature 
processes. There is a demand for high temperature gas sensor in the automobile, aerospace 
and mining industries. Also most of the current detection techniques possess a major 
limitation in that only one analyte can be measured at a time. There is an urgent need for 
highly sensitive multi-functional chemical sensors. Establishing a multi-analyte sensor 
requires precise control of the surface chemistry in addition to optimization analytical 
characteristics of the sensor such as selectivity, sensitivity, detection limit, response time, and 
signal stability.119  
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There is also a strong demand for benign by design new devices. While the use of InN and 
GaN in gas sensors remains relatively unexplored, it offers an environmentally benign 
alternative with non-toxic elements, which may replace InAs and InP-based devices. InN is 
also a potentially good candidate for low cost solar cells with high efficiency. InN/GaN alloy 
system as a solar cell and sensor material has advantages that its synthesis and fabrication 
does not entail the use toxic compounds such as arsine or phosphine. 
 
1.6.1 Motivation 
 
1.6.1.1 Gallium nitride 
 
Although GaN has been studied more than other group-III nitrides due to the ease with which 
it can be prepared, there is still a need for further investigations in order to push the GaN 
technology beyond its theoretical projects and enable it to catch-up to the status Si and GaAs. 
Because of its application as a blue light emitter and its potential application in high-
temperature and high-speed electronic devices fabrication, there has been a renewed interest 
in GaN. The majority of researchers currently undertaking GaN studies are interested in 
semiconductor device applications. However, the etching techniques used in semiconductor 
device fabrication are tailor made for films and not suitable for powders (0D, 1D, 3D).  
 
1.6.1.2 Indium nitride 
 
The growth of high quality InN and the enumeration of its fundamental properties remains at 
present purely a scientific initiative. InN has not received as much attention as GaN and AlN, 
simply because it is most challenging of the III-nitrides to grow and also because it is active 
in the region of the electromagnetic spectrum where an easy-to-grow semiconductor 
alternative is already established. The difficulties encountered with the growth of high quality 
InN are associated to its poor thermal stability. It has been stablished that InN dissociates at 
temperatures well below 700 °C.120 
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1.6.1.3 The need for semiconductor research 
 
Because sensors applications are quite diverse, ranging from process control to maintaining 
comfort levels inside automobiles. The growth of the high temperature sensors and 
transmitters market is inevitable, based on the supply and demand curve of sensor due to 
enforcement of environmental legislation and the demand from industries such as automotive 
and telecommunications. Over and above the application of semiconductors in sensor device 
fabrication, the current need for alternative energy sources in South Africa, the 
semiconductor industry’s only way is up on the development trajectory. The unrelenting new 
demand for high efficiency solar cell materials offers a promising market for the 
semiconductors. InN and GaN semiconductors present a dual advantage of being good 
candidates for high temperatures sensors and remarkable candidates for high efficiency solar 
cell materials.  
 
1.7 Objectives of the study 
 
This study intends to invoke the exclusivity of the bottom-up and the top-down 
nanofabrication approaches by preparing 1D nano-sized semiconductor materials from a 3D 
micro-sized precursor by employing CVD as a nanomachining technique. 1D nanoscale 
oxides, phosphates and nitrides of indium will be synthesised from a mass of 3D indium 
oxide microparticles by CVD. 
 
Because of InN’s interesting yet controversial nature and the complexity of establishing the 
synthesis parameters from which high quality InN can be achieved, an approach to synthesise 
InN, InGaN and GaN from the ammonification of their respective oxides has been 
undertaken. The impact of experimental parameters such as temperature, type of precursor, 
gas source, flow rate and reducing agent on the resulting materials quality, structure, 
dimensionality, chemical composition and crystallinity will be studied. The physical, 
chemical and optical properties of the prepared materials will be studied by the use of 
characterization techniques such as electron microscopy, X-ray powder diffraction 
spectroscopy, as well as Raman and photoluminescence spectroscopy. 
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The study will also look into the application of the prepared materials for gas sensor 
applications. Detection of greenhouse gases such as CH4 and NOx as well as toxic gases such 
as CO and NH3 will be carried out. An n-type semiconductor (SnO2), well-established as a 
gas sensing material, will be synthesised and used for reference as well as comparison in the 
gas detection investigation. The response, sensitivity, and selectivity of the prepared bare-InN 
and bare GaN towards combustible and asphyxiating gases will be compared to that of SnO2. 
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Chapter 2 
2 Introduction 
 
2.1 Principles of chemical vapour deposition 
 
The chemical vapour deposition (CVD) technique goes as far back as the early 1920s from 
the work of van Arkel. 1 Chemical vapour deposition process can be defined as the 
condensation of an element or a compound from the vapour phase onto a substrate where the 
reaction occurs to produce a solid deposit. The vapour phase containing the reactants or the 
target product is formed by vaporized from either a liquid or solid feed and is caused to flow 
though the reaction chamber either by a pressure difference in the system or by a carrier gas 
to the substrate.  
 
Volatility is an important parameter in a CVD process in that it has that capacity to influence 
reaction parameters such as temperature and it can also impact on the purity and the yield of 
the deposited product. In an ideal CVD process the reactants need to have a sufficiently high 
vapour pressure to allow transportation and possible reactions in the vapour phase, while the 
product should have an adequately low vapour pressure to prevent its vaporization and 
unwanted reaction by-products and impurities ought to have vapour pressures higher than that 
of the product to prevent their condensation and eliminate them from the system.  
 
These fundamentals apply largely to the open tube CVD systems, i.e. systems in which the 
reaction/carrier gas is continually supplied and removed. The deposition of materials in CVD 
occurs by a nucleation and growth mechanism. Nucleation entails adsorption and diffusion of 
reactant species onto the surface of the substrate. Nucleation can either be homogenous or 
heterogeneous with the former being highly favoured in the gas phase while the later can be 
prevalent on the substrate. 2 Atom/molecule addition during the growth process on the 
substrate occurs preferably at points of lowest activation energy, such as rough surfaces or 
cracks, and continues to form crystallites. 3 
 
The CVD process has the added advantage of being able to deposit films and powders as well 
as compounds that are challenging to make such as nitrides, 4 and carbides. 5 Variation in 
dimensionality of materials like refractory metals whose fabrication by other methods is 
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limited to films has been achieved by CVD.3 Improvements in the fabrication of composite 
materials and alloys have been attained through advances and customization of CVD 
processes.  
 
Deposition parameters such as temperature, carrier gas, flow rate and reactant supersaturation 
play a critical role on determining the viability of the whole process as well as the general 
outcome. Deposition parameters can be tailored to produce a desired morphology. For 
instance depending on deposition temperature and concentration of reactants a range of 
structural morphologies is feasible. At high temperatures and high reactant concentration the 
frequency of molecular collisions within the gas phase is high enough to favour 
homogeneous nucleation and growth, whereas at low reactant concentrations and low 
temperature the low frequency of molecular collision leads to heterogeneous nucleation and 
growth. 
 
The kinetics and thermodynamics aspects will always determine the success of a CVD 
process for a chosen deposition reaction. While the reaction should be thermodynamically 
viable for it to be a success its vapour transport route must be kinetically favourable. The 
structural characteristic of products can be modulated by altering the experimental conditions, 
such as precursors, type of catalyst, temperature and carrier gas composition. In our studies 
the effects of temperature and the reducing agent (activated carbon) on the resultant 
compounds and their morphologies have been investigated. 
 
2.1 Experimental apparatus 
 
A conventional horizontal CVD furnace was used for vapour transport deposition of all 
materials synthesised in our studies (Fig. 2.1). For the UV-assisted reactions the furnace was 
fitted with a mercury UV lamp attachment, housed above the reaction zone (mid-region) of 
the furnace (chapter 4). A quartz tube (L: 800 mm, D: 20 mm) was installed horizontally into 
the furnace. The starting solid precursors were loaded into a quartz boat (L: 25 mm, D: 8 
mm), which in turn was placed in the reaction zone of the furnace at a particular synthesis 
temperature (680-1100 °C) and a carrier/reaction gas was passed through during the reaction.  
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Fig. 2.1. A schematic presentation of the horizontal CVD furnace. 
 
2.2 Experimental materials  
 
All reagents listed in table 2.1 were commercially available from Sigma Aldrich chemicals 
and were used without further purification. Gases were available from AFROX and the 
carrier gases used were: nitrogen gas (99.999%), anhydrous ammonia gas (99.9%) and 5% 
ammonia balance argon. 
 
Table 2.1: A list of reagents used and their properties 
 
Reagent Melting point 
 (°C) 
Thermal 
stability 
Density  
(g/cm3) 
Molar mass  
(g.mol-1) 
Band gap 
 (eV) 
Indium oxide  
(In2O3) 
1910  stable 7.179 277.64  3.0 
Gallium oxide  
(Ga2O3) 
1900 (α) 
1725 (β) 
stable 6.44 (α) 
5.88 (β) 
187.44 4.98 (α) 
4.85 (β) 
Indium chloride 
(InCl3) 
586  hygroscopic 3.46 221.18 ____ 
Ammonium  
phosphate 
NH4PO4 
155-190 unstable 1.62-180 149.09 ____ 
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2.3 Experimental procedure 
 
Indium oxide and indium phosphate nanostructures were synthesised from indium chloride 
(InCl3) and indium oxide (In2O3) by a conventional CVD method in the absence of a UV-
source. Reactions were carried out in the temperature range of 400-1100 °C for a period of 
0.5-8 h under 50/400 sccm of NH3. Activated carbon was used as a reducing agent in the 
reactions. The detailed synthesis procedure for preparation of 1D indium oxides and 1D 
indium phosphates is discussed in chapter 3. 
 
Indium nitride nanostructures and microstructures were synthesised by UV-assisted 
ammonification of indium oxide (99.99%) for 1-6 h in the temperature range of 700-800 °C. 
A 400 Watt medium pressure mercury UV lamp (model no. 3040, Photochemical reactors 
Ltd) was used for the photo-assisted reactions. The synthesis of indium nitride is fully 
detailed in chapter 4.  
 
Gallium nitride (GaN) nanorods were prepared from ammonification of gallium oxide, while 
indium gallium nitride (InGaN) hexagonal plates were prepared from ammonification of a 
mixture of Ga2O3/In and Ga2O3/In2O3 in molar ratio of 3:1 at 800-1050 °C. The furnace was 
maintained at the desired temperature for 1½, 3, 4, 6 and 14 h with the flow of NH3 (99%) at 
400 sccm and NH3 (5%) 60 sccm. A detailed description of the synthesis parameters and 
procedure is outlined in chapter 5. 
 
The InN, GaN and SnO2 nanostructures were ultrasonically dispersed in propanol and coated 
onto an integrated microelectrode containing two Pt electrodes and a temperature sensor 
heater on the reverse side. The film conductivity was measured by a Kinesistec testing 
station. Synthetic air was used as the carrier gas into which the desired concentrations of CO, 
NH3, NO2 and CH4 were added for conductivity measurements. The sensor temperature at the 
heater current values of 210 mA, 250 mA, 275 mA were 250, 300 and 350 °C respectively 
for an applied heater voltage of 4.8 V. Sensor device fabrication and gas sensor 
measurements procedure is provided in detail in chapter 6. 
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2.4 Characterization 
 
Oxides, phosphates and nitrides of the group III elements were characterized by transmission 
electron microscopy (TEM), scanning electron microscopy (SEM), Raman spectroscopy, 
photoluminescence spectroscopy (PL), fluorescence microscopy, electron probe micro-
analysis (EPMA) and diffuse reflectance spectroscopy. 
 
2.4.1 TEM analysis 
 
Low magnification transmission electron microscopy (TEM) analysis was performed with a 
FEI Tecnai T12 electron microscope. Samples for TEM analysis were prepared by sonication 
of the powders or fluffy wool-like materials in ethanol for ~ 15 min and a few droplets of the 
resulting suspension were placed onto a holey SPI copper grid.  
 
2.4.2 SEM analysis 
 
Scanning electron microscopy (SEM) results were obtained from a FEI Nova Nanolab 600 
microscope. Analysis was done with the sample placed at a working distance of 5 mm from 
the probe current. Prior to analysis, the samples were mounted onto an aluminium stub with a 
sticky carbon film and finally coated with carbon and gold/palladium. 
 
2.4.2.1 Energy Dispersive Spectroscopy (EDS) 
 
Qualitative elemental analysis of the respective elements on the sample was done on a FEI 
Nova Nanolab 600. The EDS technique was used in conjunction with scanning electron 
microscopy. The collected elemental data was recorded as a spectrum from which relative 
quantities of elements can be recorded. 
 
2.4.3 Electron Probe Micro-Analysis (EPMA) 
 
Qualitative and quantitative elemental micro-analysis was obtained from the CAMECA’s 
fifth generation electron probe micro-analyzer (SX5FE). Gallium and indium were quantified 
against GaAs (48% Ga) and InP (78% In) standards respectively. EPMA works by 
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bombarding a micro-volume of a sample with a focused electron beam (typical energy ~ 5-30 
keV) and collecting the X-ray photons thereby emitted by the various elemental species. The 
sensitivity, analysis of trace and light elements with EPMA is superior to the EDS 
quantitative analysis. Sample preparation for EPMA analysis was similar to the SEM sample 
preparation. 
 
2.4.3.1 Wavelength Dispersive Spectroscopy (WDS) 
 
Wavelength Dispersive Spectrometry is acknowledged as the method of choice for high 
precision quantitative analysis. Electron beam energy of 10 keV was used on all our EPMA 
measurements. Because the wavelengths of these X-ray photons are characteristic of the 
emitting species, the sample composition can be easily identified by recording WDS spectra.  
 
2.4.4 X-ray powder diffraction (XRD)  
 
XRD data were used for phase and compositional analysis. The data was collected on a 
Bruker D2 diffractometer with CuKα radiation. Solid sample were loaded onto a zero 
background holder and data collected in the 2 theta range of 20-90 for 10 minutes without 
spinning the sample. 
 
2.4.5 Optical analysis  
 
Raman spectroscopy, photoluminescence spectroscopy and fluorescence microscopy 
techniques are optical means of determining residual stresses, crystallinity and defect 
characteristics in a wide range of materials 
 
2.4.5.1 Raman analysis 
 
Raman spectra were acquired at ambient pressure and temperature using the micro-Raman 
attachment of a Jobin-Yvon T64000 Raman spectrometer operated in single spectrograph 
mode. The excitation source was the 514.5 nm line of an argon ion laser, and the 
backscattered light was dispersed onto the liquid nitrogen-cooled CCD detector by an 1800 
grooves/mm grating.  
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2.4.5.2 Photoluminescence (PL) 
 
The PL spectra were acquired at 77 K using a He microscope cryostat mounted on the 
microscope stage of the Jobin-Yvon T64000 spectrometer. The excitation wavelength of 244 
nm of an argon ion laser was used for the PL studies reported here, with a 600 lines/mm 
grating to disperse the light. 
 
2.4.5.3 Fluorescence microscopy  
 
An Olympus BX63 optical and fluorescence microscope was used for fluorescence 
measurements. A fluorescence microscope is an optical microscope that uses fluorescence 
and phosphorescence to study properties of materials. 
 
2.4.5.4 Diffuse reflectance spectroscopy (DRS) 
 
A Praying Mantis DRS Cary 500 UV-Vis-IR Spectrophotometer with a diffuse reflectance 
spectrometer (DRS) attachment was used for reflectance measurements. In DRS, a 
hemispherical concave mirror is used to focus both the specular and diffuse reflectance onto 
the detector. 
 
2.5. Gas sensor measurements 
2.5.1 Device fabrication 
 
The InN, GaN and SnO2 nanostructures were ultrasonically dispersed in propanol and drop-
coated on the alumina substrate integrated microelectrodes containing two electrodes and a 
temperature sensor heater on the reverse side (chapter 6). 
 
2.5.2 Measurement of the gas-sensing performance 
 
The sensor temperature at the heater current values of 210 mA, 250 mA, 275 mA were 250, 
300 and 350 °C respectively for an applied heater voltage of 4.8 V. Prior to the 
measurements, the sensor was heated at 400 °C for 24 h to remove any residual organic 
content. A total flow-through flux with a constant flow rate of 500 sccm was used to test the 
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gas-sensing properties of the thin films at atmospheric pressure and a system bias voltage of 1 
V. Synthetic air was used as the carrier gas into which the desired concentrations of CO, 
NH3, NO2 and CH4 were added for sensor property measurements. The film conductivity was 
measured by a Keithley 6487 picoammter/voltage source meter using a Kinesistec testing 
station (chapter 6). The Keithley 6487 picoammter/voltage produces a voltage sweep and 
then measured the resulting current. It also provided both sweeping and biasing. The response 
and recovery of device were measured for 5 minute each. 
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Chapter 3 
Conventional CVD Synthesis of indium oxide and indium phosphate 1D nanostructures 
 
3.1 Introduction 
 
3.1.1 Indium oxide shaped structures 
 
Semiconductor metal oxides find a lot of applications in electronic and optical devices such 
as transistors, transducers, sensors, transparent electronics, light-emitting devices, etc. 
Miniaturization of semiconductor materials lead to confined carrier density, low power 
consumption, improved conductivity and device performance. At low dimensions quantum 
confinement effects start to become significant and impact on critical properties of a material 
such as its energy gap.  
 
One-dimensional devices are scientifically interesting due to their large surface area to 
volume ratio. Semiconductor metal oxide nanowires are far ahead of the III-V compounds on 
the technological application trajectory based on their more advanced and well-established 
electronic and optical properties. A high density of oxygen vacancies on the surface of 1D 
metal oxide nanostructures contributes tremendously to their surface chemistry and 
functionality responsible for most of their novel applications. 1, 2 1D metal oxides are 
excellent candidates for chemical and biological sensor applications. 3, 4 They have a great 
potential in the nanostructure sensor technology due to a high density of active sites provided 
by a combination of large surface area and oxygen vacancies. 5 Metal oxide single-wire-based 
devices have been designed, thus reducing dimension to the nanoscale and achieving top 
performance in terms of sensitivity and stability.2, 4 High detection efficiencies can easily be 
attaining with these devices.3  
 
Among the metal oxides, indium oxide (In2O3) is an interesting n-type semiconductor 
because of its transparency to the visible light. This transparent semiconductor finds 
application in optoelectronic device fabrication such as solar cells, 6 and optical coatings.7 
Synthesis of high quality single crystalline In2O3 nanostructures is very important for 
applications that rely on optical and electronic properties of these materials such chemical 
sensors, light-emitting diodes and nanoscale transistors. 8 A variety of In2O3 nanostructures 
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such as nanowires, 9 nanorods, 10 nanobelts, 11 nanotubes, 12 nanochains, 13 and nanoarrows 14 
have been reported. Diverse synthesis techniques for preparation of 1D structures such as 
vapour transport, 15 pulsed-laser deposition, 16 and laser ablation have been reported. 17 
Synthesis of In2O3 nanostructure by the following growth methods; electro-deposition, 18, 19 
co-precipitation, 20 carbo-thermal reduction, 15 metalorganic chemical vapour deposition, 21 
and hydrothermal synthesis has also been reported. 22 Among these synthesis methods, 
vapour transport is a versatile method and produces materials of high crystalline quality.  
 
While indium oxide nanostructures are generally prepared from oxidation of indium sources 
or from decomposition of the hydroxide, alternatively the nanostructures can be prepared by 
miniaturizing and reshaping the already made In2O3. Usually fabricating nanostructures from 
In2O3 by vaporization and deposition requires high temperatures because In2O3 is thermally 
stable. Several studies reported on re-deposition of In2O3 1D nanostructures are briefly 
outlined. Carbo-thermal reduction seems to be at the centre of several re-deposition 
processes. Single-crystalline nanowires of indium oxide were reported by the vapour 
deposition from In2O3 at 1500 °C for 1.5 h under Ar. 23 Single crystalline In2O3 nanowires 
were also reported by a carbo-thermal reduction reaction between In2O3 and activated carbon 
at 980 °C under an inert atmosphere for 3 h. 24 It was suggested that indium nanoparticles 
were responsible for a nanowire nucleation on the absence of any other catalyst. In2O3 
nanotowers and nanorods have been reported by a CVD method from a mixture of In2O3 and 
graphite powder in a molar ratio of 1:3 at 875 °C and 950 °C under an inert atmosphere. 25  
 
Interestingly unique derivatives of the nanowire morphology have been reported from re-
deposition reactions of In2O3. A myriad of nanostructures such as nanoneedles, nanohooks, 
nanorods, and nanotowers of In2O3, were reported by vapour transport process from a 
mixture of In2O3 and activated carbon with weight ratio of 1:1 at 1000 °C and 300 Torr for1 
h. 26 In a another study three types of In2O3 nanostructures namely; nanowires, nanotrees and 
nanobouquets have been reported by a carbon-thermal synthesis method from a mixture of 
In/In2O3 and activated charcoal/graphite. 27 The molar ratio of carbon sources with regard to 
indium sources was varied between 1 and 3 under a mixture of argon and oxygen at 1000 °C 
for 5 h. 27 In2O3 nanocrystal chains have been reported by a vapour transport method from a 
mixture of In2O3 powders and graphite (4:1 weight ratio) at 800-900 °C for 1 h. The reaction 
was carried out under a mixture of argon and oxygen and a working pressure of between 4.5-
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7.5 Torr. 28 Necklace-like In2O3 nanowires where In2O3 crystals represented the beads and the 
wires representing a thread were reported by a thermal method at 850 °C for 2 h from an 
unspecified source of indium and a mixture of water vapour and nitrogen gas.29  
 
3.1.2 CVD growth mechanism of indium oxide 
 
Thermal evaporation and condensation has resulted in the generation of an effective method 
for synthesis of metal oxide 1D nanostructures.28, 30 In the frame work of evaporation-
condensation growth, two basic mechanisms of formation namely, vapour-solid (VS) 28 and 
vapour-liquid-solid (VLS) condensation are usually invoked. 31 Several methodologies have 
also been exploited for the synthesis of In2O3 nanowires.22, 32 
 
Calestani et al. based on their studies reported that In2O3 nanowires generally grew the edges 
of micron-size faceted In2O3 crystals. 33 The authors therefore suggested, based on this 
observation, that the growth mechanism involved the liquid phase even if the vapour-liquid-
solid process could not be confirmed. A different study suggested that the formation of In2O3 
nanowires from In2O3 and carbon entailed a vapour-solid growth mechanism process similar 
to that involved in the growth of Ga2O3 and SiO2. 34, 35 Carbon was shown to reduce Ga2O3 or 
SiO2 to a suboxide in vapour form, which was subsequently oxidized to deposit nanowires. 
Other studies suggested that the presence of metallic indium/gallium was a significant 
indicator for the proposed suboxide route,27, 34 in which nanowire growth structure requires a 
metal nuclei initially deposited by reduction. Even though it is self-catalysed this is still 
indicative of the vapour-liquid-solid growth mechanism. 36, 37 The self-catalysed growth 
mechanism is highly favoured for In2O3 because of indium's low melting point (156 °C).  
 
To explain the observation of nanowire derivative structures such as neck-laces, chains or 
trees, Kam et al. suggested that new metal nuclei formed by reduction along the axis of the 
nanowire providing points for secondary growth of particles or branches. 27 Although 
different shapes the resulting secondary particles/branches had similar facetted planes 
influence by the surface energy of the In2O3 nanowire.29 Surface energies (γ) of low-index 
In2O3 planes were calculated in order to explain secondary growth on the nanowire surface. 38 
Based on the provided energy sequence (γ(100) > γ(110) > γ(111)) secondary crystal growth 
would be favoured on the low energy planes. 38 It was suggested surface defects encouraged 
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nucleation of crystals on the nanowires. Hsin et al. observed that the nanowires and the 
nanocrystals had identical alignment properties which were an indication of epitaxial growth 
of nanocrystals. The authors then suggested that non-catalytic formation of In2O3 nanocrystal 
chains followed the vapour-solid (VS) growth mechanism.28 
 
In this study the simplicity and versatility provided by the CVD method is utilised to make 
various shaped 1D In2O3. 3D In2O3 has been chosen as the starting materials because it is 
non-hazardous and easy to handle. The impact of utilising the user friendly In2O3 on the 
dimensionality of the product, will then be compared with the impact of using a hygroscopic, 
volatile and challenging precursor such as indium chloride (InCl3). The properties of the 
resulting structures such as dimensionality, crystallinity and chemical purity will be studied. 
The effect of temperature and carbo-thermal reduction on the formation of 1D structure of 
In2O3 will be investigated. The mechanism of formation for 1D nanostructures will be 
proposed.  
 
3.2 Experimental 
 
Indium oxide shaped nanomaterials were synthesised by a chemical vapour deposition 
method. In this method a horizontal CVD furnace was used. Indium chloride (InCl3) and 
indium oxide (In2O3) were used as purchased from Sigma Aldrich as sources of indium. Each 
indium precursor was used independently. The indium precursors were put onto a quartz boat 
which in turn was loaded into a quartz tube in the furnace. One end of the quartz tube was 
attached to a gas line and the exhaust end was connected to a bubbler. The gas was allowed to 
run through the tube for half an hour to flush out air and then the furnace was ramped up to 
the required synthesis temperature at a heating rate of 10 °C/min. Reactions were carried out 
in the temperature range of 400-800 °C for a period of 0.5-8 h under 50/400 sccm of NH3. A 
thermocouple was employed to regulate the reaction temperature (error bar of ± 5 °C). 
Activated carbon or hydrogen gas (10 sccm) was sometimes added to the reaction to 
encourage reduction of indium oxide in the presence of ammonia gas. The series of reactions 
carried out are summarised in table 3.1.The schematic diagram of the CVD setup is provided 
in figure 3.1. The synthesised materials were characterised by TEM, SEM and XRD. For 
TEM analysis less than 2 mg of the sample (powders or wools) was dispersed in ethanol, 
sonicated and dropped onto a copper grid after which the ethanol was allowed to evaporate 
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before samples were viewed under the microscope. For the SEM analysis, a powder sample 
was loaded onto a carbon double tape attached to a metal stub. Then the samples were 
subsequently coated with a carbon film to minimise sample charging. SEM micrographs for 
morphological analysis and energy dispersive X-ray spectroscopic analysis were obtained 
from the prepared samples.  
 
 
Fig. 3.1. The schematic presentation of the conventional CVD furnace set up. 
 
 
 
 
 
 
 
 
 Chapter		-Oxides 	
 
   
 
Table 3.1: A summary of conventional CVD reactions and reaction parameters. 
 
Temperature (°C) Time (h) Gas flow rate 
(sccm) 
 Precursors mass ratio Composition 
In2O3 Activated-
Carbon 
400 0.5 NH3 (50) In2O3 ______ oxide 
450 0.5 NH3 (50) In2O3 ______ oxide 
500 0.5 NH3 (50) InCl3 ______ oxide 
600 0.5 NH3 (50) In2O3 ______ oxide 
680 
 
2 NH3 (50) InCl3 ______ oxide 
3 NH3 (50) InCl3 ______ oxide 
4 NH3 (50) InCl3 ______ oxide 
680 
 
0.5 H2:NH3(10:160) In2O3 ______ oxide 
1 NH3 (50) 2 
2 
3 
1 (powder) 
1 (pellets) 
1 
oxide 
oxide 
oxide 
2 NH3 (50) 1 
2 
2 
3 
3 (pellets) 
1 (powder) 
1 (pellets) 
1 (pellets) 
Metallic In 
oxide 
oxide  
oxide 
3.5 NH3 (50) In2O3 ______ oxide 
4 NH3 (50) In2O3 ______ oxide 
5 NH3 (50) In2O3 ______ oxide 
8 NH3 (50) In2O3 ______ oxide + In 
700 
 
0.5 NH3 (400) 3 1 oxide 
2 NH3 (400) 3 1 oxide 
4 NH3 (400) 1 1 oxide 
6 NH3 (400) In2O3 ______ Oxide + In 
800 0.5 NH3 (400) 2 1 oxide + In 
1 NH3 (400) 2 1 oxide + In 
2 NH3 (400) In2O3 ______ oxide + In 
2 NH3 (400) 3 1 oxide + In 
2 NH3 (400) 2 1 oxide + In 
2 NH3 (400) 1 1 oxide + In 
2 NH3 (400) 2 1 oxide + In 
4 NH3 (400) 2 1 oxide + In 
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3.3 Results and discussion  
 
3.3.1 Microscopy analysis 
 
Materials synthesised from InCl3 and NH3 gas at 500 and 680 °C were collected as white fine 
powders in the cooler region of the furnace. The powders were characterised by TEM and 
SEM. A TEM image of the powder made at 500 °C showed particles roughly 20-40 nm in 
diameter (Fig. 3.2a and b). Higher magnification TEM images revealed the lattice fringes of 
the particles (Fig. 3.2b). On the contrary, the TEM image of materials made at 680 °C 
revealed large porous looking spherical particles, hundreds of nanometres in diameter (Fig. 
3.2c). It appeared from the SEM image that the spherical particles were rather uniform in size 
(Fig. 3.2d).  
 
Materials synthesised from either In2O3, or In2O3 and activated carbon (α-C) under NH3 gas 
at 680-700 °C were collected. Fine brown powders were obtained for reactions held at 680 °C 
for short durations or in the absence of activated carbon. TEM and SEM analysis of these 
materials revealed agglomerated particles which closely resemble those of the parent 
precursor, an indication that structural modification was kept to a minimum under these 
conditions (Fig. 3.3). The TEM and SEM images obtained were taken from a sample made in 
the absence of activated carbon for 1 h at 680 °C under NH3 (Fig. 3.3) and are representative 
of all the samples made from In2O3 in the absence of activated carbon for all reaction times 
studied (table 3.1). On the contrary samples collected from the starting materials that 
contained substantial amounts of activated carbon or performed for longer reaction periods in 
the presence of activated carbon were grey and coarse in comparison to the soft fine brown 
powders made in the absence of activated carbon, probably due to the presence of metallic 
indium in the grey powders. TEM analysis revealed that a variety of morphologies were 
formed upon variation of the experimental parameters (α-carbon:In2O3 ratio, reaction time, 
temperature). The various structures are however a modification of the basic nanowire 
structure (Fig. 3.4a). The main axis/stem of the parent nanowire is visible in the TEM images. 
Modifications observed can be generalised as of two major types. In type I, particles have 
attached themselves along the axis of the nanowire creating a necklace effect. Particles vary 
in shape per sample from the diamond-like, hexagonal-like to bead-like particles (Fig. 3.4 
(b)-(i)). In type II the main axis of the rod is made entirely of segmented pieces of either pine 
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tree cone-like units or diamond-like units merged together to create a rod-like structure (Fig. 
3.4 (j)-(r). 
 
Samples collected at 800 °C had the appearance of a bread fungus with either a white or a 
yellow colour. A striking similarity to the sample synthesised at 680 °C in the presence of 
carbon is observed from the TEM and SEM images of the sample prepared at 800 °C. While 
nanowires were expected, structural evolution to produce a range of structural forms was 
noted; nanonails, necklaces, nanotrees, and nanocombs were formed. Nanonails are 
nanowires with a rather flat shaped particle at the tip (Fig. 3.5 (a) and (b)). Necklaces have 
particles evenly attached to points on the parent nanowire (Fig. 3.5 (c) and (d)), while 
nanotrees are characterised by secondary shorter nanowires with spherical particles 
alternatingly growing from the main axis of the primary nanowire (Fig. 3.5 (e) and (f)) in a 
similar manner to tree branch growth. Nanocombs differ from nanotrees in that the secondary 
nanowires all grow in a two-dimensional manner in the same direction (Fig. 3.5 (g) and (h)) 
and have rather sharp-ended points. The secondary nanowires appear to grow symmetrically 
on both side of the main axis in a nanocomb. 
 
It is suggested that the bead crystals products were initiated by a nucleation at surface defects 
on the nanowires. Surface defects would lower the surface energies of the In2O3 parent 
nanowire and encourage secondary growth in the form of either particles or branches. It was 
suggested that in the absence of a catalyst, the formation of In2O3 nanocrystal chains 
followed the vapour-solid (VS) growth mechanism.28 Kam et al. suggested that the tree-like 
structures resulted from the decomposition of the oxide along the length of the nanowires 
giving rise to new metal nuclei from which secondary branch-like structures grew.27 A 
schematic presentation of the possible growth mechanism is provided in figure 3.6. 
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Fig. 3.2. Typical TEM and SEM images of In2O3 materials obtained from InCl3 reactions: (a) 
and (b) nanoparticles at 500 °C, and (c) and (d) clusters of particles at 680 °C. 
 
 
 
 
 
 
 
 
 
Fig. 3.3. Typical TEM and SEM images of indium oxide particles obtained from all the In2O3 
reactions carried out at temperatures ≤ 680/700 °C. 
 
 
a b 
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Fig. 3.4. TEM and SEM images of chain-like structures obtained from all the In2O3 reactions 
at 680 °C: (a) a conventional nanowire, (b)-(i) various types of beads on the neck lace like 
nanowire and (j)-(r) different types of particles merged to form segmented nanowires. 
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Fig. 3.5. TEM and SEM images of shaped In2O3 materials obtained from varying mass ratio 
of In2O3: α-C for 2 h at 800 °C. (a) and (b) In2O3:α-C (1:0), (c) and (d) In2O3:α-C (3:1), (e) 
and (f) In2O3:α-C (2:1) and (g) and (h) In2O3:α-C (1:1). 
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Fig. 3.6. A schematic presentation of In2O3 nanowire growth mechanism. 
 
3.3.2 X-ray powder diffraction (XRD) 
XRD patterns of materials made at 680 °C showed the presence of body centred cubic indium 
oxide (Ia3). However, peaks of metallic indium may also be observed within the In2O3 
pattern. The intensity of the main metallic indium peak (~33°θ) was observed to increase 
with increasing carbon content in the starting materials (Fig.3.7 (a)-(d)). Figure 3.7 (e) shows 
the pattern of the original In2O3 for comparison purposes. 
Similarly at 800 °C the In2O3 pattern is observed for all the samples. Even though the carbon 
content was held constant, the duration of the reaction was seen to impact on the final 
composition of the sample. Once again the main peak for metallic indium was observed in the 
In2O3 XRD pattern, and the intensity of the metallic peak increased with the duration of the 
reaction (Fig. 3.8 (a)-(d)).  
 
The information on composition variation of In2O3:In with carbon content at 680 °C is 
summarised in Figure 3.9a. As the carbon content is increased at 680 °C, more metallic 
indium is produced at the cost of In2O3 (Fig. 3.9a insert). Because the ratio of metallic indium 
is too low the insert enables the trend of In ration with temperature to be visible (Fig. 9a). 
Figure 3.9b summarises the impact of reaction time on the ratio of In2O3:In. The longer the 
reaction the more metallic In produced while the In2O3 content was compromised.   
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Fig. 3.7. XRD analysis for In2O3 samples made at 680 °C for 2 h at various ratios of In2O3: a-
C.  
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Fig. 3.8. XRD analysis for In2O3 samples made at 800 °C for a fixed ratio of In2O3: a-C (2:1) 
as a function of time. The asterisk (*) represents metallic indium signals. 
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Fig. 3.9. (a) The effect of carbon on the ratio of In2O3:In at 680 °C and a closer look at the In 
ratio trend (insert). (b) The effect of reaction time on the ratio of In2O3:In at 800 °C. 
 
3.4 Preparation of indium phosphates 
 
3.4.1 Indium phosphate 
 
The search for new micro-cage porous materials with zeolite properties, has escalated interest 
in the fabrication of open-framework metal phosphates with useable ion-exchange and 
catalytic applications .39 Several metals and transition metals have been incorporated into 
phosphates e.g. Cs[In2(PO4)(HPO4)2(H2O)2],40 [Pb2In4P6O23 and Pb2InP3O11],41 
NaCdIn2(PO4)3,42 Li3In2(PO4)3,43 and K3In3P4O16.44 Therefore the list of known phosphates of 
the group 13 elements is extensive, driven by the efforts to develop aluminophosphate 
(AlPO4) and gallophosphate (GaPO4) materials. These latter two complexes are large-pore 
molecular sieves used in industrial catalytic processes. 39, 45 These insoluble phosphates are 
prepared by hydrothermal reaction of phosphoric acid with oxides of the group 13 elements 
in the presence of organic templates. The focus has been on the preparation of phosphates of 
the lighter elements (aluminium (AlPO4) and gallium (GaPO4)) while much less work been 
done on indium phosphates. 46 Indeed, very few molecular phosphates (PO43-) of the group 13 
elements are known.47 To date the limited number of indium (III) phosphates include 
indium(III) metaphosphate [In(PO3)3], indium(III) diphosphate [In4(P2O7)3] and indium(III) 
orthophosphate [InPO4].48  
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Three of the reported indium (III) phosphates, i.e. In(PO3)3, In4(P2O7)3 and InPO4 have been 
acquired by a solid-state reaction between In2O3 and (NH4)2HPO4. Indium(III) 
metaphosphate has been prepared from a solution of indium(III) oxide or indium(III) nitrate 
mixed with orthophosphoric acid.49 It was established that its structure has no polymorphs.50 
In(PO3)3 was documented to crystallise in the monoclinic system with unit cell parameters: a 
= 1.08762 nm, b = 1.95812 nm, c = 0.96582 nm and Z = 12.50, 51 The information pertaining 
to the melting point of pure In(PO3)3 is not readily accessible in the literature.  
 
Only a few reports are available in literature concerning In4(P2O7)3, also known as 
indium(III) diphosphate.52, 53 This compound has been prepared by a chemical vapour method 
and a solution method. The In4(P2O7)3 prepared by the “wet” method contained In(PO3)3 as 
an impurity.52 It was reported that In4(P2O7)3 did not possess polymorphic modifications. 
However, upon melting at 900 °C, In4(P2O7)3 recrystallizes as In(PO3)3.52 Preparation of 
In4(P2O7)3 by a chemical vapour method was also reported. 53 It was found to crystallize in a 
monoclinic system with unit cell parameters: a = 1.3248 nm, b = 0.9758 nm, c = 1.3442 nm 
and Z = 4. 53 However, the XRD data obtained from In4(P2O7)3 prepared by the “wet” method 
differed from the data obtained on materials prepared by chemical vapour method.52  
 
Indium(III) orthophosphate (InPO4) has also been thoroughly studied. It has been prepared 
from a solid-state reaction of In2O3 and P2O5 at 1000 °C.48 In another study InPO4 has been 
prepared by the “wet” method from a mixture of H3PO4 and In2O3 or InCl3.48, 54 The two 
polymorphs of InPO4 are known i.e. the alpha and beta polymorph. The α-InPO4 polymorph 
crystallizes in an orthorhombic system, Z = 4, with the space group Cmcm and the unit cell 
parameters: a = 0.5308 nm, b = 0.7851 nm, c = 0.6767 nm.54, 55 The β-InPO4 polymorph was 
obtained by heating amorphous InPO4 at 1300 °C for 1 h 48. β-InPO4 also crystallizes in the 
orthorhombic system with unit cell parameters: a = 0.8800 nm, b = 0.68989 nm, c = 0.48082 
nm, Z = 4.48 The space group is Pnma. InPO4 is thermally stable with a melting point of 1600 
°C. 48 Under suitable conditions of preparation, the orthophosphates of indium may be 
crystallized either as anhydrous or as hydrous (InPO4 and InPO4.2H2O). 54 It has been 
determined by others that there is no structural resemblance between InPO4 and 
InPO4.2H2O.56 However, InPO4 is isostructural with VCrO4 and CuCrO4, 54 but it is unrelated 
to the known forms of AlPO4. The InPO4.2H2O crystals on the other hand are isostructural 
with the minerals, strengite (FePO4.2H2O) and scorodite, (FeAsO4. 2H2O).56 
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Bosacka studied the thermal properties of the three indium(III) phosphates.48 From the 
differential thermal analysis (DTA) data of indium(III) metaphosphate he observed an 
endothermic effect at 1210 ± 5 °C and suggested that the indium(III) metaphosphate melted 
congruently i.e. the solid and liquid phase have the same chemical composition. The DTA 
data obtained indium(III) diphosphate indicated an endothermic effect at 1230 ± 5 °C 
connected with the incongruent melting (decomposes to give new compounds) of In4(P2O7)3 
and crystallization of α-InPO4. The DTA data of indium(III) orthophosphate revealed a 
minute endothermic effect. An onset temperature of approximately 1080 ± 5 °C associated 
with both polymorphs of the orthophosphate was reported. It was proposed that indium(III) 
orthophosphate decomposes as the temperature approaches 1350 °C. 
 
In 1996 a novel indium(III) phosphate, the fourth in the list of indium phosphates was 
reported by Peltier et al.57 The new indium phosphate In3P2O8 or In3(PO4)2 also known as 
triindium bisphosphate was reported to crystallise in a cubic system of space group I43d with 
unit cell parameters a = 11. 1 and Z = 8. The authors prepared the powdered In3P2O8 by 
thermally reducing a mixture of InPO4 and In2O3 in the reaction ratio of (4:1) under 
hydrogen. The InPO4 was initially prepared form a mixture of phosphorus oxynitrite and 
indium nitride. To date there has not been any other study reported on this new phosphate of 
indium. Reports pertaining to its electronic and thermal properties are not available in the 
literature.  
 
In our study a systematic investigation of structures of anhydrous In3(PO4)2 and preparation 
of the structures in crystalline form has been undertaken. To our knowledge, this is the first 
study to report on the direct vapour phase synthesis of indium phosphate by carbothermal 
reduction of In2O3 in the presence of a phosphorus source.  
 
The advantage of the CVD process is the use of inexpensive starting materials. The 
availability of various factors such as the system dimensions, gas type and flow rate, 
pressure, reactants ratio, temperature and catalyst that impact on morphology as well as 
properties of the fabricated products and the prospect of tailoring the factors for process 
optimization is an added advantage. It is the application of high temperatures in this study 
that separates the preparation of 1D phosphates from 1D oxides. It would appear that 
formation/stability of the In-In metal bond which exists in In3(PO4)2 is not favoured at lower 
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temperatures and hence all samples made at high temperatures were converted to phosphates 
while low temperature synthesis conditions oxides.  
 
3.5 Experimental 
 
Indium phosphate shaped 1D nanomaterials were synthesised by a chemical vapour 
deposition method based on the same setup as that used to make 1D In2O3 nanostructures 
(Fig.3.1). The precursors used were indium oxide (In2O3), activated carbon and ammonia gas 
in the presence of a phosphorus source at 900, 1000 and 1100 °C for a period of 1-2 h under 
50 sccm of NH3. The series of reactions carried out are summarised in table 3.2. 
 
Table 3.2. A summary of the reaction carried from 900-1100 °C 
 
Temperature (°C) Time 
 (h) 
Gas flow rate 
(sccm) 
 Precursors mass ratio Conventional 
CVD In2O3 Activated-
Carbon 
900 1 NH3 (50) 1 
1.5 
2 
3 
1 
1 
1 
1 
InPO4 + In2O3 
InPO4 + In2O3 
InPO4 + In2O3 
InPO4 + In2O3 
2 NH3 (50) 3 1 InPO4 + In2O3  
4  NH3 (50) In2O3 1 InPO4 + In2O3 
1000 2 NH3 (50) In2O3 ______ InPO4 + In2O3 
1100 1 NH3 (50) 1 1 InPO4 + In2O3  
2 NH3 (50) In2O3 ______ InPO4 + In2O3 
 
3.6 Results and discussion  
 
3.6.1 Microscopy analysis of phosphates 
 
Samples prepared at 900, 1000 and 1100 °C had interesting physical appearances. The 
samples were collected as fluffy whitish-grey wool-like textured materials, which were 
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difficult to handle due their light density. TEM and SEM images of a few of the samples 
representative of the products from the reactions are shown in Figures 3.10 and 3.11. Figure 
3.10 shows materials made at 900 °C from a In2O3:C mass ratio ranging from 1:1 to 3:1. 
TEM and SEM images revealed that materials made at 900 °C consisted of wires and tubes. 
TEM and SEM micrographs obtained from materials made from a 3:1 In2O3:C mass ratio 
showed that the material is made largely of wires (Fig. 3.10 (a) and (b)). The structures 
observed in the TEM images of the materials made from the In2O3:C mass ratio of 2:1 
showed a mixture of wires and tubes. The tubes in the micrograph have partially filled cores 
(Fig. 3.10c)). The distinction between wires and tubes is readily observable in the SEM 
images of this material (Fig. 3.10d). On the other hand materials made from a ratio of 1:1 
were seen to have small faceted particles attached onto the surface of the formed structures. 
At low magnification, TEM micrograph structures appear to look more like wires (Fig. 
3.10e), but high magnification images showed that the core is in fact hollow (Fig. 3.10e 
insert), i.e. the structures are microtubes self-decorated in faceted particles. A SEM image 
revealed that the microtubes were also faceted, a feature most common in wires. It is in fact 
almost impossible to determine from the SEM images whether the structures are tubes or 
wires (Fig. 3.10f). 
 
Structures made from the In2O3:C mass ratios of 1:0 and 1:1 at 1100 °C are strikingly similar 
to those made at 900 °C. Generally wires were made in the absence of carbon and tubes were 
made in the presence of carbon. TEM and SEM images of the materials synthesised in the 
absence of activated carbon for 2 h at 1100 °C showed branched wires (Fig. 3.11 (a) and (b)). 
The TEM image of materials made from a 1:1 ratio for 1 h at 1100 °C suggested that the 
structures are wires (Fig. 3.11c). However, The SEM image was more informative (Fig. 
3.11d). The open ended microtubes were clearly observable from the SEM image and it could 
be seen that the outer walls are thick while the hollow core is narrow. This could possibly be 
the reason why TEM analysis (2D technique) could not show that the core was hollow in 
these structures.  
 
Initially the use of activated carbon in this study was for the purpose of reducing In2O3 in an 
attempt to make a III-nitride. However, this turned out to a method to make 1D In2O3 and 1D 
In3(PO4)2 structures from the In2O3 3D particles. The ability of activated carbon to reduce 
In2O3 led to deposition of catalytic indium droplets from which the 1D structures developed. 
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In the presence of a high content of carbon, excess indium is produced which by a capillary 
effect gave partially filled tubes. However, the reduction of In2O3 above 850 °C would favour 
In clusters. Hence, temperatures ≥ 900 °C in the presence of a phosphorus source, phosphate 
structures consisting of an In-In metal bond were formed.57  
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Fig. 3.10. TEM and SEM images of shaped materials obtained from varying mass ratio of 
In2O3: α-C for 1-2 h at 900 °C. (a) and (b) wires made from In2O3:C ratio of 3:1; (c) and (d) a 
mixture of wires and tubes made from In2O3:C ratio of 2:1 and (e) and (f) tubes made from 
In2O3:C ratio of 1:1. 
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Fig. 3.11. TEM and SEM images of shaped materials obtained from varying the mass ratio of 
In2O3: α-C for at 1100 °C. (a) and (b) In2O3:C ratio of 1:0 for 2 h; (c) and (d) In2O3:C ratio of 
1:1 for 1 h. 
 
3.6.2 Energy dispersive X-ray spectroscopy (EDS) 
 
To determine the chemical composition of the materials synthesised at 900-1100 °C by 
varying the mass ratio of In2O3:C, EDS analysis of the samples were recorded (Fig. 3.12 and 
table 3.3). The spectra showed the presence of indium, oxygen and phosphorus (Fig. 3.12 (a)-
(e)). The phosphorus maps showed that it is evenly distributed throughout the whole sample 
in the same manner as indium and oxygen (Fig. 3.12 (a)-(e)). This is an indication that 
phosphorus is not an external impurity encountered during sample preparation. The 
phosphorus content in the samples ranges from 4-6 % atomic, depending on the intensity of 
the carbon coating, which introduces a slight variation to overall atomic percentages of all 
elements of interest (table 3.3). Theoretically, based on empirical formula of the compound 
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the atomic ratio of In/P is expected to be 6:1 but only a maximum atomic ratio of 4:1 (In/P ) 
was recorded from EDS (table 3.3). This could be due to EDS quantitative shortcomings.  
  
Fig. 3.12 (a) Elemental distribution maps of materials made from an In2O3:C ratio of 3:1 at 
900 °C. 
 
 
Fig. 3.12 (b) Elemental distribution maps of materials made from an In2O3:C ratio of 2:1 at 
900 °C.  
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Fig. 3.12. (c) Elemental distribution maps of materials made from an In2O3:C ratio of 1:1 at 
900 °C.  
 
Fig. 3.12. (d) Elemental distribution map of materials made from a In2O3:C ratio of 1:0 for 2 
h at 1100 °C. 
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Fig. 3.12. (e) Elemental distribution map of materials made from a In2O3:C ratio of 1:1 for 1 
h at 1100 °C 
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Table 3.3. EDS quantitative data of the respective elements in the new In3(PO4)2 materials 
made at 900-1100 °C 
 
900°C, IO:C (3:1) 
Element Line 
Weight % 
 
Weight % 
  Error 
Atom % 
 
Atom % 
  Error 
   C K     4.25 +/- 0.08   12.56 +/- 0.22 
   N K     0.00       ---     0.00 +/- 0.00 
   O K   28.85       ---   64.01 +/- 0.00 
   P K     3.28 +/- 0.06     3.75 +/- 0.07 
  In L   63.62 +/- 0.67   19.67 +/- 0.21 
Total 100.00  100.00  
900°C, IO:C (2:1) 
Element Line 
Weight % 
 
Weight % 
  Error 
Atom % 
 
Atom % 
  Error 
   C K     5.06 +/- 0.12   13.92 +/- 0.33 
   O K   31.28       ---   64.55 +/- 0.00 
   P K     4.15 +/- 0.07     4.42 +/- 0.08 
  In L   59.51 +/- 0.77   17.11 +/- 0.22 
Total  100.00  100.00  
900°C, IO:C (1:1) 
Element Line 
Weight % 
 
Weight % 
  Error 
Atom % 
 
Atom % 
  Error 
   C K     3.36 +/- 0.05   10.26 +/- 0.17 
   N K     0.00       ---     0.00 +/- 0.00 
   O K   27.93       ---   64.08 +/- 0.00 
   P K     4.27 +/- 0.06     5.06 +/- 0.07 
  In L   64.44 +/- 0.67   20.60 +/- 0.22 
Total 100.00  100.00  
1100°C, IO:C (1:0) 
Element Line 
Weight % 
 
Weight % 
  Error 
Atom % 
 
Atom % 
  Error 
   C K     0.60 +/- 0.06     2.26 +/- 0.22 
   O K   22.09       ---   62.81 +/- 0.00 
   P K     4.01 +/- 0.08     5.90 +/- 0.11 
  In L   73.30 +/- 0.87   29.04 +/- 0.34 
Total  100.00  100.00  
1100°C, IO:C (1:1) 
Element Line 
Weight % 
 
Weight % 
  Error 
Atom % 
 
Atom % 
  Error 
   C K     0.77 +/- 0.09     2.83 +/- 0.32 
   O K   23.02       ---   63.20 +/- 0.00 
   P K     4.64 +/- 0.08     6.59 +/- 0.11 
  In L   71.57 +/- 0.48   27.38 +/- 0.18 
Total  100.00  100.00  
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3.6.3 X-ray powder diffraction (XRD) 
 
XRD patterns of samples made at 900-1100 °C confirmed the EDS elemental analysis. An 
XRD pattern of a rare phosphate of indium known as triindium phosphate (In3(PO4)2) of the 
body centred cubic I43d crystal system was matched with an ICSD 01-085-1542 pattern. The 
XRD patterns of In3(PO4)2 collected from materials made at 900 °C show low intensity 
indium oxide (●) and metallic indium (*) impurities (Fig.3.13). The oxide peak was observed 
to decrease with increasing carbon content while the metallic indium peak increased with 
carbon content (Fig.3.13) and (Fig. 3.14). From XRD patterns of materials made at 1100 °C 
the oxide peak is barely observable as a shoulder and the metallic indium peak follows the 
same trend of increasing with the amount of carbon added as in the materials made at 900 °C 
(Fig. 3.15). 
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Fig. 3.13. XRD patterns of In3(PO4)2 samples prepared at 900 °C for 1 h, from varying In2O3: 
C ratio. (a) In2O3: C (3:1), (b) In2O3: C (2:1) and (c) In2O3: C (1:1). 
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Fig. 3.14. XRD patterns of In3(PO4)2 samples synthesised at 900 °C for 4 h from these 
reactants ratio: (a) In2O3:C (2:1) and (b) In2O3:C (1:1). 
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Fig. 3.15. XRD patterns of In3(PO4)2 prepared at 1100 °C as a function of time. (a) In3(PO4)2 
pattern from a sample made from an In2O3:C mass ratio of 1:0 at 1100 °C for 2 h, (b) 
In3(PO4)2 pattern from a sample made from an In2O3:C mass ratio of 1:1 at 1100 for 1h and 
(c) In3(PO4)2 pattern from a sample from an In2O3:C mass ratio of 2:1 made at 1000 °C for 2 
h. 
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3.7 conclusions 
 
In this chapter the influence of the nature of the indium precursor was established. In2O3 
crystalline nanoparticles (20 nm) were made from InCl3 at low temperatures (500-680 °C) 
and facetted micro-particles (0.5 µm) were made from In2O3. With InCl3 being hygroscopic 
in air and highly volatile at the studied temperature vapour-solid deposition of crystals from 
InCl3 was favoured. On the contrary, low temperatures did not support vapour deposition 
from the rather thermally stable In2O3 and hence no morphological evolution was observed 
from this precursor. We conclude that the type indium precursor used has an impact on the 
final structures formed and dictates the synthesis parameters such as temperature. 
 
An assortment of shapes of 1D structures of In2O3 and In3(PO4)2 were made from 3D micro 
particles of In2O3 and NH4PO4 at different temperature ranging from 800-1100 °C. It is clear 
from the obtained results that temperature and precursors used are inter-dependent. Evidently 
high temperature induces morphological transformation from 3D In2O3 micro particles to 1D 
In2O3 and 1D In3(PO4)2 nanostructures. Thus, we conclude that high temperature supports 
vapour-liquid-solid growth of nanostructures from the thermally stable precursor (In2O3). The 
addition of activated carbon does not only encourage growth of 1D nanostructure by reducing 
In2O3 to metallic In but also encourages subsequent growth of secondary structures. The 
combination of activated carbon and high temperature is responsible for the novel necklace 
structures, nanonails, nanotrees and nanocombs of In2O3 made in this study, as well as the 
nanotubes and nanowires of In3(PO4)2 filled with metallic indium and decorated with 
nanoparticles.  
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Chapter 4 
UV-assisted synthesis of indium nitride nano and microstructures 
 
4.1 Introduction 
 
InN is an understudied material because it is difficult to produce due to its low decomposition 
temperature and its high equilibrium pressure with N2.1 This has led to many controversies 
about the properties of this material. The inconsistencies and lack of reproducibility observed 
in the reported syntheses for this material escalates the problem. 
 
InN has been grown with morphologies that range from one dimension (1D) to three 
dimensions (3D).2, 3 1D nanostructures are of particular importance in nanoscience and 
nanotechnology since they can be used to control space-confined transport phenomena,4, 5 
exhibit a discrete density of states and at the same time maintain a continuous transport path.6 
They are of great importance in the understanding of the fundamental properties of low 
dimensional systems, and for use in potential nanodevice applications.7 
 
Chemical vapour deposition (CVD) has proven to be a feasible method to prepare 1D InN 
nanomaterials.8-11 Temperature has been identified as a driving force that determines the 
different types of morphologies of the 1D InN nanostructures synthesised by CVD.11-13 The 
many studies reported on the synthesis of 1D InN using CVD have related to InN nanowires 
while much less work has been done on the synthesis of InN nanotubes.7, 10-12, 14  
 
In2O3 is very attractive as an indium source in CVD studies due to the ease with which it can 
be handled. Body centred cubic In2O3 with space group Ia3 has a direct band gap and 
dominant ionic bonding.15 The magnitudes of the absorption and reflection coefficients for 
In2O3 are low in the energy range 0-5 eV, indicating transparency in the material.15 It has a 
band gap of 3.6 eV 16 and a bond dissociation energy of 360 kJ/mol.17  
 
 
__________________________________________________________________________ 
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Several CVD studies have reported on the use of In2O3 for the preparation of InN. Zhang et 
al. reported the synthesis of InN nanowires through nitridation of a mixture of In metal and 
In2O3 (mole ratio 4:1) at 700 °C for a reaction time of 4 h in NH3.8 However the XRD pattern 
of the InN showed the existence of an oxide impurity. On the other hand Tang et al. have 
reported the preparation of single crystal InN nanowires by nitriding a mixture of In metal 
and In2O3 (mole ratio ~ 5:1) at 525 °C for a period of 30 min under NH3, based on a SAED 
pattern of a hexagonal crystal system and Raman spectroscopy.9 At the other extreme, 
carbonitridation of In2O3 via CVD for 1.5 h was reported to give InN nanowires at 1150-1180 
°C and InN nanotubes at 1190-1220 °C.14 Gao et al. reported complete nitridation of 
nanosized In2O3 and In(OH)3 powders within 8 h at 600 °C under NH3.18 In contrast, Luo et 
al. have reported several studies on the synthesis of InN and reported complete conversion of 
In2O3 powder to InN nanowires at 700 °C for a reaction period of 8 h in NH3 whereas for a 
shorter time period (4 h) oxide impurities were noted in their study.19 In a related study, done 
by a different group, a change in dimensionality on nitridation of In2O3 (650-700 °C for 4 h), 
was reported.11 Dimensional and structural evolution from 1D InN nanowires to 2D InN 
plates was achieved through temperature increments of 25 °C.11 Luo et al. also reported on 
the impact of reaction time on the morphologies of structures resulting from nitridation of 
In2O3 at 680 °C in the presence of a gold catalyst. In this study, both InN nanowires (14 h) 
and InN nanobelts (38 h) were produced.20 In yet another study at, 680 °C, Luo et al. made 
pure InN nanobelts (22 h); microtubes coexisting with nanobelts after 26 h, but after 30 h 
microtubes dominated. 10 
 
It can be seen from the studies mentioned that the standard reaction parameters for the 
synthesis of InN tubes from In2O3 have not yet been confirmed and agreed upon. The 
reported reaction parameters show wide ranges involving a single parameter such as the type 
of nitrogen source (N2, NH3), the flow rate (30-500 sccm), the time of reaction (1½-30 h) and 
the temperature (680-1220 °C).7, 10-12, 14 More than two thirds of the reported InN tubes are in 
the micrometer scale and the longest InN tubes reported are several microns in length.7  
 
This study reports on the first UV photochemical synthesis of a range of InN structures as 
well as partially filled indium nitride nanotubes by photo-assisted nitridation of In2O3 in NH3. 
Photo-assisted reactions are typically done with lasers due to their high peak intensities.21 
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However, UV-photochemical vapour deposition (UV-CVD) has been used successfully in the 
past to deposit numerous metals, insulators, and semiconducting films.22-24 In photochemical 
reactions, absorption of light by a reactant molecule enables an inaccessible reaction path to 
occur by bringing the reactants to the necessary activation energy and also by changing the 
symmetry of the reactant’s electronic configuration.25 Medium pressure mercury UV lamps 
are important radiation sources for photochemical applications. When medium pressure 
mercury lamps are used more energy levels are excited resulting in more spectral lines as 
well as a continuum due to recombination radiation26. The major UV spectral lines emitted by 
these lamps are at 254 nm (4.8 eV) and 185 nm (6.7 eV). The majority of the UV-
photochemical studies reported to date has focused on the deposition of two dimensional 
(2D) structures (i.e. thin films).27 Most films are normally produced using plasma deposition 
techniques in glow discharge.  
 
UV-photochemical deposition of 1D group III-nitride nanostructures, with NH3, is not well 
established. Boron nitride nanotubes were synthesized by using excimer laser ablation at 
1200 °C in different carrier gases.28 A few UV-synthesis studies have been reported on 1D 
gallium nitride (GaN) nanostructures. Shi et al. reported on GaN nanowires made from 
gallium oxide, using an excimer pulsed laser.29 Lieber and Duan also synthesised GaN 
nanowires by laser ablation of a metal containing target.30 There are however, to our 
knowledge, no studies reported on UV-CVD synthesis of one dimensional (1D) III-nitrides in 
general, and specifically on indium nitride (InN). 
 
4.2 Experimental 
 
In2O3 powder (Aldrich, particle size 300-600 nm, 99.99% purity) was placed in a quartz boat 
(L: 25 mm, D: 8 mm) that had been cleaned in ethanol. The boat was then loaded into a long 
quartz tube (L: 800 mm, D: 20 mm) which was installed horizontally into a furnace. The 
furnace has an opening (D: 30 mm) that allowed light from a mercury UV lamp in to the mid-
region of the furnace to illuminate the tube and its contents. A 400 Watt medium pressure 
mercury UV lamp (model no. 3040, Photochemical reactors Ltd) was situated in a housing 
equipped with a cooling system (Fig. 4.1).  
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The quartz tube was degassed and purged with high-purity (99.999%) nitrogen. During the 
growth process, 400 sccm of NH3 (anhydrous, 99.999%) was introduced into the tube. The 
exhausted NH3 was bubbled through an oil bubbler before being discharged into the 
atmosphere. The furnace was set to 700-800 °C and was held there for 1-4 h, then cooled to 
room temperature under NH3. Two sets of synthesis experiments were carried out. In the first 
setup (position 1), In2O3 powder was not irradiated by the UV lamp to prevent secondary 
photolysis of the product (Fig .4.1). In the second setup (position 2), both reactants (In2O3 
and NH3) were irradiated while varying the synthesis temperature. A fluffy grey product was 
generated in the boat after nitriding the reactant. All the reactions carried out are summarised 
in table 4.1. In a typical optimised experiment 0.2 g of In2O3 was used and 0.08 g of partially 
filled InN nanotubes was obtained. XRD data used for structural analysis was collected on a 
Bruker D2 diffractometer with CoKα radiation. Morphologies were evaluated by SEM 
(NOVA) and TEM (Tecnai T12). The optical properties of InN nanotubes were characterized 
by diffuse reflectance spectroscopy (Praying Mantis DRS Cary 500) and Raman spectroscopy 
(Jobin Yvon LabRAM).  
 
 
Fig. 4.1. A horizontal CVD furnace with a mercury UV lamp housing equipped with a 
cooling fan system. Position 1 marks a position where the NH3, the quartz boat and its 
contents are illuminated by the UV-light. Position 2 is the position where NH3 is irradiated 
but the quartz boat and its contents are not irradiated by UV-light. 
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Table 4.1 Synthesis parameters used to make InN. 
 
4.3 Results and discussion 
 
4.3.1 InN synthesis by photolysis of only NH3  
 
The effect of photo-activating only the ammonia in the nitridation of In2O3, was investigated 
by placing a boat containing In2O3 downstream out of the UV-light (i.e. the sample was 
Experiment  UV-
irradiation 
Time 
(h) 
Temp 
(°C) 
Product  
(TEM/SEM) 
XRD 
1 NH3 only 6 700 Irregular perforated 
pieces 
InN < 
In2O3 
1 NH3 only 6 750 Rod-like cone stacks InN < 
In2O3 
1 NH3 only 6 800 Rod-like disc stacks InN < 
In2O3 
2 In2O3 and 
NH3 
2 700 Porous particles InN < 
In2O3 
2 In2O3 and 
NH3 
2 750 2D microsheets and 
amorphous nanowires 
InN > 
In2O3 
2 In2O3 and 
NH3 
2 800 InN nanotubes and 
In2O3 particles 
InN > 
In2O3 
3 In2O3 and 
NH3 
0.5 750 2D microsheets with 
embedded 
rhombohedral particles 
InN < 
In2O3 
3 In2O3 and 
NH3 
1 750 2D microsheets with 
rhombohedral holes 
InN >In2O3 
3 In2O3 and 
NH3 
3 750 InN nanowires InN 
3 In2O3 and 
NH3 
4 750 InN nanowires InN 
4 In2O3 and 
NH3 
0.5 800 In-filled InN tubes and 
In2O3 particles  
InN < 
In2O3 
4 In2O3 and 
NH3 
1 800 In-filled InN tubes and 
In2O3 particles 
InN > 
In2O3 
4 In2O3 and 
NH3 
3 800 In-filled InN tubes  InN 
4 In2O3, NH3 4 800 In-filled InN tubes InN 
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protected from the UV light) (Fig. 4.1, position 1). In the absence of photolysis and using this 
configuration, (T > 700 °C) no InN was formed. Also, photolysis performed below 700 °C, 
yielded no InN. This is to be contrasted with reports on the production of InN at much lower 
temperatures using plasma assisted CVD.31  
 
Reactions involving the photolysis of NH3 in position 1 (Fig. 4.1) were also performed for 6 h 
at 700, 750 and 800 °C and soft black powders or dark brown fluffy materials were produced 
and collected from the quartz boat. In reactions performed for shorter times, the product was 
dominated by In2O3.  
 
The XRD patterns of the as-synthesised materials made at 700-800 oC (Fig. 4.2) reveal that 
after 6 h wurtzite InN was formed in all reactions but the product contained varying amounts 
of In2O3. XRD analysis showed that In2O3 in the product did not decrease substantially with 
increasing temperature as one might expect. Microscopy analysis also revealed that the 
indium oxide signals found in the InN XRD pattern are due to large residual In2O3 particles 
which did not completely react; the residual In2O3 was not due to a residual oxide coating of 
the InN. Spherical droplets of metallic indium were also observed at the bottom of the quartz 
boat, for materials made at 800 °C after 6 h reaction. The images shown in Fig. 4.3 
correspond to the prepared InN structures and indicate the variability in the InN 
morphologies formed by variation in temperature. 
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Fig. 4.2. XRD patterns of the as-synthesised materials at different temperatures after 6 h of 
photo decomposing ammonia. Peaks marked by ♦ are the hexagonal InN peak reflections, 
while In2O3 reflections are marked by an asterisk. 
 
TEM and SEM images of the precursor In2O3 prior to reaction showed solid agglomerated 
well defined 3D facetted particles with varying dimensions (Fig. 4.3a and b). Higher 
magnification SEM images reveal that all the particle tips sticking out from the agglomerate 
have rhombohedral-like faces varying in size that depend on both the size of the parent 
particle and the extent it is embedded into the agglomerate (Fig. 4.3b insert). 
 
TEM and SEM analyses of the collected materials after 6 h at 700 °C showed that the product 
consisted of an irregularly perforated material (Fig. 4.3c and d). At 750 °C TEM and SEM 
revealed that rod-like structures had formed (Fig. 4.3e and f). These rod-like structures 
possessed rough surfaces (Fig. 4.3e). High magnification TEM analysis of the rod-like 
structures showed that the roughness is due to stacking of cone like pieces that form the 
overall structure (Fig. 4.3e insert). An arrow shows that some of the cones are actually 
hollow, an indication that the rod-like structures are tubular in nature (Fig. 4.3f insert). 
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At 800 °C SEM analysis revealed that unusual 1D structures were formed from stacked disc-
like units (Fig. 4.3h). The flake like nature of the stacked discs creates an illusion of a rod-
like structure, as revealed by high magnification TEM image (Fig. 4.3g insert). The flakes 
had a rough surface texture and arrows indicate some of the perforations on the surface of the 
flakes (Fig. 4.3h). This disc type of morphology has not been reported previously in the 
literature for InN nanostructures.  
 
In summary, even though a 100% pure InN material was not synthesized, information on the 
structure generation as a function of temperature was obtained. The In2O3 was etched by the 
species generated by photolysis of NH3 (in the absence of photolysis no InN was made under 
the reaction conditions studied). The species formed from NH3 degrade the oxide leading to 
formation of InN with a disc like appearance and with increased temperature these discs 
become longer and more flake like. 
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Fig. 4.3. (a) TEM and (b) SEM images of as purchased In2O3 particles, (c) TEM and (d) SEM 
images of perforated materials formed at 700 °C, (e) TEM and (f) SEM images of segmented 
rod like structures at 750 °C (the arrow indicates the hollow core), (g) TEM and (h) SEM 
images of flaky structures at 800 °C (the arrows show perforations). All reactions were 
performed by photolysis of NH3 only. 
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4.3.2 InN synthesis by photolysis of both indium oxide and NH3  
 
4.3.2.1 XRD studies 
 
In an attempt to obtain pure InN, In2O3 and NH3 were both irradiated with UV-light at 
different temperatures (700-800 °C) for a maximum period of 2 h to minimise concurrent 
photodecomposition of the product. XRD patterns obtained from the as-synthesised material 
prepared at different temperatures showed enhanced improvement in InN purity with 
increasing temperature (Fig. 4.4). The (101) peak intensity of the cubic In2O3 reactant 
decreased gradually with increasing temperature until it was hardly observable at 800 °C; 
(Fig. 4.4). Thus photoactivation of both In2O3 and NH3 improved the chemical purity of the 
InN product. Total conversion of In2O3 to InN is however not attained in 2 h in the 
temperature range studied. 
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Fig. 4.4. XRD patterns of wurtzite InN materials prepared from photolysis of In2O3 and NH3 
in 2 h at different temperatures. 
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4.3.2.2 Microscopy studies 
 
TEM and SEM analyses of the product formed at different temperatures were studied and the 
images revealed that there is a gradual change from In2O3 3D microparticles to 3D InN 
microstructures at 700 °C (Fig. 4.5a and b); and finally to 1D InN nanostructures at 800 °C 
(Fig. 4.5e and f). A change from microparticles to nanotubes with temperature had occurred. 
At 700 °C porous particles dominate (Fig. 4.5a and b). At 750 °C few particles and 
microsheets coexist with amorphous nanowires (Fig. 4.5c and d). It can be seen from the 
TEM image that some nanowires show Y-junction features (Fig. 4.5c insert). At 800 °C TEM 
and SEM analyses revealed InN nanotubes (diameter ~ 40 nm) as the dominant species (Fig. 
4.5e and f).  
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Fig. 4.5. (a) TEM and (b) SEM images of porous InN particles showing irregular pores at 700 
°C, (c) TEM and (d) SEM images of amorphous nanowires at 750 °C, (e) TEM and (f) SEM 
images of partially filled InN tubes at 800 °C. All reactions were held for 2 h at their 
respective temperatures. 
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4.3.3 Photolysis of indium oxide and NH3 as a function of time 
 
4.3.3.1 XRD studies 
 
XRD analysis of the materials made in 2 h at 750 °C and 800 °C indicated the presence of 
minute residual oxide impurities as compared to materials made at 700 °C (Fig. 4.4). The 
impact of time on InN materials was therefore investigated at 750 °C and 800 °C. Reactions 
were performed at both temperatures in the time range of 30 min to 4 h. Microscopy analysis 
of materials collected from times shorter than 2 h also provided information on the 
mechanism of conversion from 3D In2O3 microstructures to 1D InN nanostructures. XRD 
analysis of materials made at 750 and 800°C, showed gradual improvement in chemical 
purity (Fig. 4.6 and 4.7). The XRD patterns collected from the product obtained after reaction 
times of 3-4 h indicated complete conversion of the oxide to indium nitride (Fig.4. 6 and 4.7). 
However, the production of pure InN using longer reaction times, under UV irradiation, also 
gave metallic indium droplets that were detected at the base of the quartz boat. This reduced 
the yield of the final InN product. 
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Fig. 4.6. XRD patterns of wurtzite InN materials prepared at 750 °C for different duration. 
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Fig. 4.7. XRD patterns of the wurtzite InN product synthesised by photoactivation of In2O3 
and NH3 at 800 °C as a function of time.  
 
4.3.3.2 Microscopy analysis for InN nanowires at 750 °C as a function of time 
 
Nanowires were observed for all reactions performed at 750 °C. The nanowires varied in 
abundance, length and crystallinity with time. The TEM and SEM images showed that 
nitriding In2O3 at 750 °C for 30 min largely resulted in the formation of 2D microsheets. The 
TEM and SEM images of the 2D microsheets showed rhombohedral particles embedded into 
the matrix of the 2D microsheet and thus created mounds (Fig. 4.8a and b). A high 
magnification TEM image of the sheet showed that the edges around the rhombohedral 
particles were slightly perforated and created crevices (Fig. 4.8a insert). These crevices are 
points of weakness on the 2D sheet. The TEM and SEM images showed the rhombohedral 
particles on the 2D sheet indicated by arrows (Fig. 4.8a and b). Nitriding for 1 h at 750 °C 
resulted in formation of porous 2D microsheets with rhombohedral holes of varying sizes due 
to loss of the rhombohedral particles originally embedded in the 2D structure (Fig. 4.8c and 
d). After 2 h at 750 °C, amorphous InN nanowires form from degradation of the 2D sheet. 
Fragments of the 2D sheet from which nanowires are drawn out can be seen in the TEM and 
SEM images (Fig. 4.8e and f). After 3-4 h at 750 °C crystalline Y-junction InN nanowires are 
formed (Fig. 4.8g and h). 
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Fig. 4.8. (a) TEM and (b) SEM images of 2D microsheets at 750 °C for 30 min; (c) TEM and 
(d) SEM images of perforated 2D microsheets at 750 °C for 1 h; (e) TEM and (f) SEM 
images of armophous InN nanowires formed from 2D microsheets at 750 °C for 2 h; (g) TEM 
and (h) SEM images of InN nanowires at 750 °C for 3-4 h 
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4.3.3.3 Microscopy analysis for InN nanotubes at 800 °C as a function of time 
 
Interestingly, the structures obtained from nitriding 3D In2O3 particles at 800 °C deviate 
completely from those obtained at 750 °C indicating that the mechanism of formation is 
temperature dependent. The sample made in 30 min at 800 °C consisted largely of the In2O3 
particles with only a few tubes (Fig. 4.9a and b) and this finding is consistent with XRD data. 
After 1 h the material contained a small fraction of remnants of In2O3 particles but InN 
nanotubes dominated the mixture (Fig. 4.9c and d). An impressive improvement in selectivity 
of tubes over other structures is seen after 2-3 h (Fig. 4.9e and f). Finally complete 
conversion to InN nanotubes is noted after 4 h (Fig. 4.9g and h). High magnification TEM 
analysis revealed that the nanotubes are partially filled with indium (Fig. 4.9g insert). 
Approximately 90% of the InN nanotubes made in this study are partially filled with indium. 
The indium filled nanotubes have a core-shell structure appearance (Fig. 4.9g). TEM analysis 
revealed that approximately 60 % of the InN nanotubes have diameters around 30-40 nm 
(Fig. 4.10), and are a few hundred microns in length (Fig. 4.9h).  
 
To our knowledge indium filled InN nanotubes have not been previously reported. However, 
GaN nanotubes partially filled with indium have been achieved through indium assisted 
thermal evaporation. It was suggested that indium played an important role in the formation 
of nanotubes since spherical indium particles were found at the tips of the GaN tubes.
32
 We 
propose that InN nanotubes may develop from both 2D sheets and 3D microparticles as long 
as the reaction conditions generate an indium catalyst essential for tube formation. In our 
study the general quality and selectivity of the product (InN) improved gradually with 
increasing time of reaction. 
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Fig. 4.9. (a) TEM and (b) SEM images of InN nanotubes at 800 °C in 30 min. (c) TEM and 
(d) SEM images of the nanotubes at 800 °C for 1h (e) TEM and (f) SEM images of the 
nanotubes at 800 °C for 3h, (g) TEM and (h) SEM images of the nanotubes at 800 °C for 4h.  
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Fig. 4.10. InN nanotube diameters obtained from TEM studies. 
 
4.3.4 Spectral properties of In filled InN nanotubes  
 
Figure 4.11 shows the Raman spectrum of the partially filled InN nanotubes made at 800 °C 
(2 h). The E2 high mode of the wurtzite InN is observed at 478 cm-1. The strain-free Raman 
frequency of the E2 high mode has been reported to be 490 cm-1 for wurtzite InN.33 Hence it 
is blue shifted relative to the reported position for strain free InN. Usually a shift to lower 
wavenumbers indicates the presence of tensile stress. The Raman peak at 581 cm-1 is also 
blue shifted (~ 4 cm-1) relative to the A1 longitudinal optical (LO) mode reported at 585–590 
cm-1.34 The data thus indicates tensile stress in the material. 
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Fig. 4.11. Raman spectrum of partially filled InN nanotubes made at 800 °C. 
 
The fundamental band gap value for InN is still a subject of controversy. The values from the 
reported data vary between 0.65 eV to 2.1 eV.35 Various phenomena, mechanisms and 
processes such as deep level traps, the Mie resonance, the Burstein-Moss effect, quantum 
confinement, oxygen incorporation and nitrogen-vacancies have been proposed to explain the 
band gap values measured for InN.35 It has also been shown that deviations in the In:N 
stoichiometric ratio can result in a large change in the band gap.36 Polycrystallinity has been 
identified as one of the factors that may lead to high band gap values. In InN materials 
polycrystallinity has been associated with excess nitrogen; and it has been suggested that 
excess nitrogen incorporation occurs largely when non-equilibrium growth techniques such 
as RF sputtering, and MBE are used.37 
 
UV-vis/NIR diffuse reflectance spectroscopy was used in this study to determine the band 
gap value of the partially filled InN nanotubes made at 800 °C for 4 h (Fig. 4.12). It has been 
suggested that the DRS technique can allow for the extraction of the band gap values of 
powder semiconductors without any ambiguity.38  
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The theory which makes possible to use DR spectra was proposed by Kubelka and Munk.  
Originally they proposed a model to describe the behavior of light traveling in-gg side a light-
scattering specimen, which is based on the following differential equations: 
 
-di =¡(S +K)idx + Sjdx 
dj =¡(S +K)jdx + Sidx                          (1) 
 
Where i and j are the intensities of light traveling inside the sample towards its un-illuminated 
and illuminated surfaces, respectively; dx is the differential segment along the light path; S 
and K are the so called K-M scattering and absorption coefficients, respectively. These last 
two quantities have no direct physical meaning on their own, even though they appear to 
represent portions of light scattered and absorbed, respectively, per unit vertical length. This 
model holds when the particle size is comparable to, or smaller than the wavelength of the 
incident light, and the diffuse reflection no longer allows to separate the contributions of the 
reflection, refraction, and diffraction (i.e. scattering occurs). In the limiting case of an 
infinitely thick sample, thickness and sample holder have no influence on the value of 
reflectance (R). In this case, the Kubelka-Munk equation at any wavelength becomes:  
 



	



≡ 		           (2) 
 
F (R) is the so-called remission or Kubelka-Munk function, where R∞ = Rsample/Rstandard. In 
the parabolic band structure, the band gap Eg and absorption coefficient α of a direct band 
gap semiconductor are related through equation 3: 
 
  	  	



	
	            (3) 
 
Where α is the linear absorption coefficient of the material, hν is the photon energy and C1 is 
a proportionality constant. When the material scatters in perfectly diffuse manner the K-M 
absorption coefficient K becomes equal to 2α (K) = 2α. In this case, considering the K-M 
scattering coefficient S as constant with respect to wavelength, and using the remission 
function in Eq. (3) the expression below is obtained:  
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Therefore, obtaining F (R∞) from Eq. (2) and plotting the [F (R∞) hν]2 against hν, the band 
gap Eg of a powder sample can be extracted easily. 
 
The estimated band gap energy of partially filled tubes made at 800 °C was found to be 1.89 
eV (Fig. 4.12 insert). This value is close to the original band gap data reported for InN (1.9 
eV) 39 but much larger than the more recent band gap values reported (0.7 eV) for InN. 40 The 
observed band gap values might be influenced by the possible presence of defects suggested 
by tensile stress indicated by Raman analysis. It also might to some extent be influenced by 
the indium within the core of the nanotubes.35 The indium could increase the overall carrier 
concentration of the InN nanotubes. Large carrier concentrations have been correlated to high 
band gap values associated with the Burstein-Moss effect.41 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.12. Diffuse reflectance spectra of partially filled InN nanotubes at 800 °C. The Insert is 
the Kubelka-Munk function analyses of the DRS of partially filled InN tubes at 800 °C. 
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3.4 Reaction Mechanism 
 
It is interesting to note that the morphologies of the synthesized 1D InN nanostructures 
depend remarkably on small changes in the growth temperature. Ding et al. reported that in 
the vapour-liquid-solid (VLS) mechanism the shape of a 1D structure is determined by the 
interfacial lattice mismatch between a catalyst particle and a 1D structure.42 They however 
suggested that amongst other factors temperature played a crucial role in determining the 
shape of a 1D structure but a detailed mechanism was not provided. Bando et al. and others 
suggested that in a vapour-solid (VS) mechanism, hollow InN nanotubes were formed by a 
diffusion-limited process at high temperatures, while the solid InN nanowires were formed by 
a kinetically limited process at lower temperatures in a VS mechanism.14, 43, 44 
 
The InN obtained from the reaction between In2O3 and NH3 generated by photo-activation of 
NH3, showed a change in the morphology with time and temperature. All samples contained 
small amounts of In2O3. The photo-activated reaction of both In2O3 and NH3, as a function of 
temperature also gave rise to different morphologies of pure InN.  
 
For all reactions in which only NH3 was photolysed, a minimum of 6 h appears necessary to 
obtain InN even though it was still impure. The morphologies varied with temperature 
indicating that the mechanism of formation is temperature dependent.  
 
The TEM and SEM analyses shed some light onto the progressive development of 1D 
morphologies of InN from 3D In2O3 particles. It is suspected that the porous particles form 
from the solid In2O3 particles by thermal decomposition in a manner similar to that proposed 
by Yu et al.45-47 This entails adsorption, diffusion and subsequent reaction of NH3 species 
within the In2O3 particle core. The general reaction between In2O3 and NH3 proposed by 
several authors can explain the generation of H2O as a by-product.12, 18, 19, 48 As 
decomposition of the In2O3 core proceeds in the presence of NH3, the generated H2O 
accumulates until the pressure, when high enough, weakens the shell of the particle 
generating tiny pores that allow the trapped gas to escape. This is to be contrasted with the 
mechanism proposed by Ashok and co-workers for observation of porous InN microcages. 
Ashok et al. observed porous microcages in InN synthesis using a lower temperature (650 °C) 
and a shorter reaction time (1 h). They suggested that microcages form by self-assembly of a 
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few web-like structures controlled by a diffusion limited process.49 In another study InN 
microtubes with holes were observed and it was suggested that the holes were formed as a 
result of a lack of InN vapour in the reaction feed.12 
 
The kinetics and the reaction mechanism for the photochemical decomposition of ammonia 
by ultraviolet light has not yet been settled,50-52 and even in the simplest case of thermal NH3 
decomposition several matters are still in dispute.53-55 However, both thermal and 
photochemical decomposition studies of NH3 have identified N2H4 as the molecular 
intermediate formed before conversion to H2 and N2 (molar ratio 3:1).51, 53 NH3 and N2H4 are 
known for their etching properties. We therefore propose that the 2D microsheets observed in 
this study are formed from surface etching of the 3D In2O3 particle agglomerates by UV-
light, NH3 and N2H4. Based on differences in the parent particle size as well as differences in 
exposure of the individual particles in an agglomerate to etching agents, some particles are 
selectively etched faster that others creating a 2D sheet with uneven points. As a result the 
particles least affected by etching remain stuck in the sheet creating mounds. Prolonged 
etching of the sheet creates weak points around the particles stuck in the parent sheet and the 
particles fall off the 2D sheet leaving behind rhombohedral holes on the 2D sheet. This is to 
be contrasted with the proposition made by Schwenzer et al.11 They suggested that 2D 
microplates were formed by degradation of the InN microtube walls. They also observed 
triangular shaped holes on the microtubes. Our study helps bring into focus the mechanism of 
formation for the triangular/rhombohedral shaped holes observed on InN microtubes/tubes. 
 
Further degradation of the porous 2D sheet results in selective growth of the InN nanowires 
from the corners of the pieces of the parent sheet in a manner similar to that described by 
Schwenzer et al.11 They observed the corners of the triangles of 2D InN plates growing into 
nanowires. They suggested that the co-existence of nano and micro structures indicates that 
the structures do not form independently from In2O3 but rather go through different stages.11 
It is to be noted that another research study argued that the local differences in the 
morphology of InN structures suggested the independent growth of InN nano and 
microstructures.12 The schematic presentation of our proposed mechanism for 1D InN growth 
is presented in Fig. 4.13. The mechanism of nanowire growth from 2D sheets is to be 
contrasted with the mechanism of nanowire growth from microcages proposed by Ashok et 
al.49 
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We believe that at high temperatures (≥ 750 °C) decomposition of NH3 produces reducing 
species (e.g. N2H4, H2) in high abundance relative to reactions at low temperature. The 
reduction of In2O3 into indium is then highly favoured. The resulting indium metal particles 
embedded or supported on the 3D particle or the 2D sheet, could serve as catalysts from 
which indium filled InN nanotubes grow. This is supported by experiments we performed by 
conventional thermal nitridation of In2O3 (chapter 3), where at high temperatures all the In2O3 
is converted to metallic indium. Thus UV irradiation aids in activating the nitriding species at 
lower temperatures to limit complete conversion to indium metal. 
 
 
Fig. 4.13. Reaction mechanism as a result of etching due to both UV and ammonia species.  
 
4.5 Conclusions 
 
In this study we have indicated the use of a combined thermal/UV photolysed approach to 
make InN materials with a wide range of shapes. Photolysis of the NH3 provides a method to 
activate the NH3 that in the presence of In2O3 replaces the O atoms by N atoms (a reduction 
reaction). In doing so the In2O3 structure converts from a 3D structure to a 1D tubular 
material. While etching and reduction are required to remove/replace the O atoms, the In2O3 
solid is converted to the reactive In2O vapour. Secondary growth processes then lead to the 
final structures observed. The InN material that makes the tubes does so by means of 
supersaturation and nucleation from the catalytic liquid indium metal phase via a VLS 
mechanism. The anisotropic alignment of the indium filled InN nanotubes seen in all SEM 
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images is a typical feature of the VLS method. The rod-like structures made of cones as well 
as flaky rods could be formed by a VS mechanism. 
 
Photolysis of the In2O3 (as well as the NH3) results in the formation of completely different 
structures. In this case the replacement of the O in the In2O3 by N is aided by the photolysis 
process. Thus, the solid particles become porous on photolysis as the replacement reaction of 
O by N progresses (750 oC). With an increase in temperature (800 oC), a pure InN is formed 
as more indium filled InN tubes are formed. However, over-reduction occurs and indium 
metal now readily forms. 
 
This study indicates the rich range of InN materials that is accessible by simple synthetic 
strategies. The study also indicates that the various structures are all linked together i.e. the 
structures form from each other. More work will be required to gain further insight into these 
shape/size transformation reactions. Whether the methodology can be extended to the 
synthesis of other metal nitride materials will need further experimentation. 
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Chapter 5 
5.1 Introduction 
 
5.1.1 GaN History 
 
In the late 1960s Maruska et al. developed a process based on halogen transport vapour phase 
epitaxy (HVPE) to grow thin films of gallium nitride (GaN).1 The workers settled on sapphire 
as the crystal substrate to grow GaN and today majority of the GaN thin films are still grown 
on sapphire. Maruska et al. evaluated the effect of temperature for growing GaN films.1 At 
first, the authors used low temperatures, in the order of 600 °C, based on the earlier results of 
Lorenz and Binkowski.2 However by raising the temperature to 900 °C, the temperature 
commonly used for growing gallium arsenide, a successful method for the synthesis of single 
crystal films of GaN was attained in 1968. 1 The first electroluminescence from a GaN film 
(blue light-emitting diodes) was reported in 1971.3 GaN devices grown in the 1970s were 
prepared by the halide transport method, and were not efficient enough for use in commercial 
products due to the presence of contaminants. Devices created using metal-organic vapour-
phase epitaxy gave a far superior performance. Actual true blue LEDs based on direct band-
to-band transitions, free of recombination through deep levels, were finally developed in 
1994. In 1995-1996, the research teams, of Akasaki and Amano, and Nakamura, developed 
the critical device structure that made true blue emission possible from nitride 
semiconductors. The basis of their device was an alloy of InN and GaN.4 The formation of an 
InxGa1-xN recombination section in the device allowed them to exactly define the emission 
wavelength, leading to a breakthrough in LED performance. In January 1996, Nakamura’s 
team reported the first actual blue InGaN quantum well laser diode device with just a single 
emission peak at 417 nm.5 In the same year (1996), Akasaki and his group reported room 
temperature operation of a InGaN-based laser diode using a current injection approach.6 In 
2014; Akasaki, Amano, and Nakamura were awarded the Nobel Prize in Physics.7, 8 
 
5.1.2 Gallium nitride bulk film growth processes 
 
The III-V semiconductor compounds have had a significant impact on daily applications, 
such as optical fibre communications,9 compact digital storage disks, bar-code scanners and 
full-colour displays.10 The III-V based devices require good quality single crystal films in 
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order for these applications be fully realised. Liquid phase epitaxy (LPE) technique has been 
used in the past to prepare thick layers (> 10 µm) for fabrication of LED devices from a 
mixture of the molten elements. 11-13 Although high quality films can be achieved through 
LPE, the technique suffers from major setbacks. For instance growing thin films (< 0.1 µm) 
through this method is very challenging if not impossible and it is also very hard to control 
the degree of dopants in the individual layers or control the interface in complex multilayer 
devices. 13 Therefore, a lot of effort has gone into tailoring and improving the vapour phase 
deposition techniques to suit thin film as well as multilayer growth. These techniques include; 
halogen transport vapour phase epitaxy, high-pressure solution growth method, molecular 
beam epitaxy, metalorganic vapour phase epitaxy (MOVPE or MOCVD) and chemical beam 
epitaxy (CBE) which use vapour phase mixtures of metalorganic compounds.  
 
Manasevit give a detailed description of semiconductor growth process from metalorganic 
compounds.14 He demonstrated and capitalized on the volatility of Group III alkyls (MR3; M 
= Al, Ga, In; R = methyl, ethyl) to deposit the III-V compounds by condensation from their 
vapour phase. It was purely genius of Manasevit to name the technique metalorganic 
chemical vapour deposition (MOCVD) in order to integrate the growth process and the metal 
source precursor in a self-descriptive jargon. These III-V semiconductors were deposited on 
single crystal substrates in order for each grown layer to assume a similar crystalline 
orientation as the substrate. The process of imparting the crystalline orientation of the 
substrate onto the grown film was called epitaxy and the specific process involving 
metalorganic precursors was called metalorganic vapour phase epitaxy (MOVPE).  
 
5.1.2.1 Halogen transport vapour phase epitaxy (HVPE) 
 
Halogen or hydride transport vapour phase epitaxy sometimes referred to as vapour phase 
epitaxy, goes back to the 1960s.15 Vapour deposition techniques have been more commonly 
employed in both sealed tube and continuous gas flow apparatus and epitaxial growth was 
obtained by means of a single transporting agent, such as a hydrogen halide.16 Such 
techniques, however, did not allow for the independent, precise control of the partial pressure 
of two volatile hydride species, such as arsine and phosphine. It was determined that the 
vapour pressures of volatile precursors were exponentially dependent on the temperature of 
the reservoirs.17 While this dependence was deemed not critical for the growth of the pure 
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compounds, it was critical for the preparation of homogeneous solid solutions. The VPE 
system was later redesigned to permit the introduction of volatile precursors independently in 
the form of their gaseous hydrides.1, 18 VPE was mostly applied for preparation of GaAs, GaP 
and GaSb.15 It was later extended to the preparation of GaN by using NH3 as the source of 
nitrogen.1 Halogen transport vapour phase epitaxy entails the deposition of GaN on a suitable 
substrate (e.g. sapphire). In HVPE Ga would usually be reacted upstream in the reactor with 
HCl gas and transported to the substrate as gaseous gallium halide, which in turn would react 
with NH3 gas at elevated temperatures (T > 1000 °C).19, 20 Due to its high growth rate, 
hydride vapour phase epitaxy (HVPE) has been identified as a suitable method to prepare 
thick GaN single crystalline films.20 Through HVPE, GaN films with a thickness of 0.3 to 2 
mm have been reported.20, 21 The setback for VPE was that it required the use of volatile 
precursors such as halides or hydrides. 
 
5.1.2.2 High-pressure solution growth method (HPSG) 
 
In 1972, Logan and Thurmond reported on the first time growth of GaN using high pressure 
solution growth (HPSG) method via the reaction of Ga and NH3 on a sapphire substrate.22 
HPSG epitaxial layer growth employs the principles of a sublimation-condensation process 
on a sapphire substrate, under high N2 pressure (~ 10 kbar) and at substrate temperatures up 
to 1200 °C. In general the HPSG method uses the same principle as the rest of solution 
growth methods e.g. LPE, which evolved from the conventional solution growth technique. 
In a conventional solution growth technique the solution temperature is deliberately 
decreased to assist the crystallization of solute from the solvent, as shown in Fig.5.1. 
However, the disadvantages of the conventional solution process are that constitutional super-
cooling can easily occur, the growth rates are low making growth times extremely long (~10 
days) and waste in the form of the solvent remaining after crystallization of solutes is 
generated. Single crystals of GaN plates with good crystallinity and large surface area (>100 
mm2) prepared by HPSG method have been reported.23 However, the long growth times in 
HPSG method undermined the production throughput and an over-pressure had to be exerted 
to encourage supersaturation and reduce the growth times. 24 
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Fig. 5.1. HPSG processes; (a) dissociation and dissolution of nitrogen gas at the surface of 
liquid Ga metal, (b) diffusion of nitrogen into the Ga phase and (c) crystallization of GaN. 24 
 
5.1.2.3 Metalorganic vapour phase epitaxy deposition (MOVPE/MOCVD)  
 
In metalorganic vapour phase epitaxy (MOVPE) organic precursors such as a 
trimethylgallium (TMGa) or triethylgallium, are usually used as sources of Ga. Ammonia 
(NH3) is used as a nitriding agent, and the process is performed in the presence of a carrier 
gas (H2 or N2) in the temperature range of 950-1100 °C.25, 26MOVPE technique is 
characterized by tremendous versatility that makes it relevant for preparation of a wide range 
of III-V and II-VI semiconductor mixtures. In MOVPE, the composition prepared crystals 
can easily be controlled by varying the concentration ratios of the precursors in the vapour 
phase. Precise control of chemical composition, layer thickness and dopants ratios can easily 
be attained. The MOVPE process entails a series of gas phase and surface reactions. The 
process can be divided into several steps: (a) vaporization and transportation of gaseous 
precursors into the reaction zone, (b) decomposition of precursors and subsequent deposition 
of crystalline product and (c) elimination of by-products from the system. An outstanding 
feature of MOVPE is the presence of a boundary layer which is a hot gas layer immediately 
above the substrate.27 The gas phase reactions occurring in the boundary layer play a 
substantial role in the MOVPE deposition processes. While the lower growth temperatures 
used in other processes such as MBE, as opposed MOVPE reduce the chances of phase 
separation and indium desorption during the growth of InGaN compounds, MOVPE still 
produces superior quality materials for light emitting applications. 28 Even though the 
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majority of MOVPE studies reported on GaN thin films preparation, the technique can be 
extended to the preparation of 1D structures, e.g. GaN nanowires synthesized by metal-
initiated MOVPE been reported.29 
 
5.1.2.4 Molecular beam epitaxy (MBE)  
 
Molecular beam epitaxy (MBE) originated form the mid-1960s. MBE is also an epitaxial 
process where films are grown onto single crystal substrates using atomic and molecular 
beams generated by Knudsen cells under ultrahigh vacuum. 30 It is a valuable technique for 
the growth of dilute quaternary nitrides, where the N concentration is ≤ 2%.31 However, 
finding the right temperature for growth of GaN materials by MBE has proven to be a 
challenge; simply because GaN dissociates rapidly at high temperatures (≥800 °C) under 
typical MBE growth conditions whereas at temperatures lower that 800 °C, poor quality GaN 
is formed. Furthermore, in addition to the formation of defects such as faults and micro-
twins, 32 the low growth rates were considered an indication that it was not a practical 
technique for the preparation of the devices requiring thick layers (~ 10 mm).32 These 
findings led to a belief that changing the growth conditions in MBE reactors to match those 
of the MOVPE reactors (high temperature and high nitrogen pressure) would lead to a 
successful preparation of nitrides by this technique. However, the low quantum efficiency of 
MBE grown optoelectronic structures compared with MOVPE, led to a conclusion that MBE 
could not compete with MOVPE. 33 Despite its limitations, MBE has made a substantial 
contribution to fundamental studies, largely because of the wide range of in situ diagnostic 
techniques available.  
 
Evolution of MBE has led to several time-dependent variations of MBE like migration-
enhanced epitaxy,34 metal-modulated epitaxy,35 ion-beam assisted MBE36 and radio-
frequency plasma assisted MBE with pulsed N/Ga atomic deposition. These variations of 
MBE techniques for GaN growth had the advantage of providing higher Ga adatom mobility 
under Ga-rich growth conditions. Hence, GaN films with low defect densities could be 
achieved. For instance, in ion-beam assisted MBE synthesis, low energy is simultaneously 
supplied by hyperthermal nitrogen ion irradiation during GaN growth. 37 This has led to the 
synthesis of GaN thin films with a low density of extended defects in comparison to GaN thin 
films grown by conventional MBE. 38 Also ammonia based MBE, has successfully improved 
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the optical quality of nitride films grown uses atomic beams of group III elements (coupled 
with an excess supply of NH3 as the nitrogen precursor). 39  
 
Monitoring and controlling the Ga/N ratio at the substrate when active nitrogen from plasma 
sources is used as a nitriding agent, is very crucial. GaN layers grown from a low Ga/N ratio 
i.e. under nitrogen-rich conditions are characterised by a facetted surface morphology and a 
high density of stacking faults. Smooth surfaces are prevalent under Ga-rich conditions, 
where reduction of surface roughness is usually accompanied by improvement in structural 
and electrical properties. However, under Ga-rich conditions the formation of Ga droplets on 
the GaN surface is enhanced, hence good quality material growth is restricted to regions 
between the droplets. Studies on “Ga auto-surfactant effect” revealed that this challenge 
could be avoided by maintaining the Ga/N flux ratio in a very narrow range; “low enough to 
be just below the formation of the droplets, but high enough to ensure the formation of a 
metallic Ga bilayer.”40 To add to the complexity of III-nitrides preparation by MBE, it has 
been suggested that growth from NH3 is “smoother” under N-rich conditions, but it was not 
clear what role the NH3 played.13, 37  
 
In plasma-assisted MBE (PAMBE), a flow of nitrogen gas is activated by radio frequency 
plasma and supplied to the reaction zone at low flow rates.33 As opposed to the ammonia 
MBE process, the gallium-rich conditions are necessary to obtain good quality materials in 
PAMBE. Studies have shown that despite the low growth temperatures (650-750 °C) used in 
PAMBE, good quality GaN/AlGaN heterostructures have been achieved by this technique, 
41,42 rendering it a practical technique for fabrication of high quality electronic devices. The 
use high quality GaN substrates, has also contributed to the improvement in optical quality of 
PAMBE-grown samples for use in blue-violet lasers. 40, 43  
 
5.2 GaN 1D structures  
 
Dimensionality and size have the potential to promote or to undermine the properties that 
may impact on the applicability of a material. Understanding the size related fundamental 
concepts of 1D structures in the nanometer scale may help unlock the principles behind their 
impact on physical properties essential for technological applications. Synthesis of GaN 
nanowires using various fabrication methods such as MOCVD, 44 ammonia-MBE 45 and 
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chemical CVD 46, 47 has been reported. CVD has been the most widely used method to 
fabricate nanostructured materials due to its low cost, high yield, simplicity of operation, and 
industrial scale-up opportunities. Moreover, the CVD process enables direct device 
fabrication on pre-patterned substrates.  
 
GaN nanostructure growth has been shown to take place using two different growth 
approaches; the vapour-solid (VS) mechanism and the vapour-liquid-solid (VLS) 
mechanism.48 In the VS mechanism model the 1D structures crystallize directly from the 
vapour phase whereas in the VLS mechanism, a metal droplet acts as a catalyst for 
decomposing the reactants. Reactants diffuse into the metal droplet, as they supersaturate 
within the liquid phase precipitation occurs resulting in crystal growth of materials from the 
solid-liquid interface. In general, the VLS mechanism results in formation of highly 
anisotropic nanostructures, since the nucleation and growth processes are controlled by the 
liquid catalyst droplet. However, the VS mechanism leads to microcrystals due to the growth 
in the radial direction. 
 
The report on fabrication of GaN nanorods via a carbon nanotube assisted reaction escalated 
the interest in developing different synthesis methods for GaN nanorods. These include metal 
catalysed laser ablation, template-assisted growth, arc discharge and hot filament CVD. 
Ammonification of inorganic gallium sources, such as Ga and Ga2O3 in the presence of 
catalysts is commonly used for the growth of GaN 1D structures.49 
 
5.3 Synthesis of 2D GaN and III-N nanoplates  
 
To date, many GaN structures including nanoparticles,50, 51 nanowires,52 microrods,53 
nanobelts,54 hollow spheres,55 and tubes56 have been successfully synthesized. On the 
contrary, reports on of two dimensional (2D) gallium nitride structures in the nanometer scale 
are very scarce. While there is a probability that properties of 2D nanostructures could be 
superior to those of 1D and 3D structures, they are currently understudied. Studies of 2D 
nanostructures of boron are slightly ahead of the studies on 2D GaN. BN nanoplates have 
been reported by employing ammonia borane as a single-source precursor.57 A two-stage 
growth mechanism for BN nanoplates was proposed based on TGA/DSC results and XRD 
analysis of the pyrolysis product. The mechanism proposed involved dehydrogenation of 
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ammonia borane followed by crystallization.57 Triangular nanoplates of rhombohedral boron 
nitride (r-BN) prepared from B2O3 and NaNH2 in an autoclave using at 600 °C have also 
been reported. 58 An Ostwald ripening process, in which inhomogeneity causes smaller 
particles to dissolve and redeposit as large ones was used to explain the growth mechanism. 
Hexagonal boron nitride (h-BN) nanoplates prepared at 1200 °C via a molten salt mediated 
reduction route using Na2B4O7 and Mg powder as starting materials in a nitrogen atmosphere 
were reported.59 Similarly an Oswald ripening process assisted by oriented attachment was 
employed to explain the growth mechanism. Hexagonal boron nitride (h-BN) nanoplates 
were prepared by a combustion route from a B2O3, Mg and NH4Cl solid system.60 In a 
different study, GaN hexagonal micro-bricks were prepared by CVD of a GaN powder in the 
presence of ammonium hydroxide and ammonia gas at 1250 °C.61 Recently hexagons of 
wurtzite GaN obtained by a solid-state reaction of magnesium powder, Ga2O3 and NaN3 in a 
stainless steel autoclave at 600 °C were reported.62 However, a mechanism of formation for 
the 2D hexagons of GaN has not been proposed. Table 5.1 summarises the important 
synthetic strategies and conditions that have been used to make platelets of Ga and B nitride. 
 
5.4 InGaN alloys 
 
In 1959, Grimmeiss et al. reported on findings of a detailed study of the optical emission 
properties of GaN. The authors took interest in optical properties of GaN after its energy gap 
was declared ideal for generation of white light.63 The band gap value of 3.2 eV was obtained 
from studies based on GaN powders only because of the difficulties associated with the 
preparation of crystalline materials. It has been reported that GaN materials prepared using 
the synthesis techniques available in those early days contained high concentrations of 
impurities.64 Through more optical emission studies of GaN materials, the blue emission65 
and the yellow emission were observed and reported. 66 
 
While the origin of the blue optical emission was associated with intentional dopants in GaN, 
the origin of the yellow emission remained mysterious and different explanations have been 
provided over the years. The one common explanation was that a gallium or a nitrogen 
vacancy was responsible for yellow emission and that growth parameters determined the type 
of defect for either the N-rich or the Ga-rich material. The other explanation was related to 
the abundance of hydrogen in GaN materials prepared by MOVPE or HVPE techniques. A 
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carbon intentional dopant from carbon-assisted preparation techniques was considered to 
make an important contribution while an unintentional impurity in the form of silicon coming 
from the quartz glass reactor was also considered as a possible explanation.67 
 
It has been indicated that intentional dopants are the key to band gap engineering in wide 
band gap semiconductors. Addition of indium into the GaN crystal has been identified as an 
effective way to reduce the band gap of the material. It provides a way to tune the optical 
emissions from blue to yellow to red, by changing the amount of indium in the InGaN alloy. 
However, in the 1970s-1980s preparation of high quality InGaN was impossible. The growth 
methods used led to high concentrations of defects, as a result band-to-band emission, 
essential for the active layer of an LED, could not be attained. In 1972, Osamura et al. 
reported on InGaN growth by an electron beam plasma technique on a sapphire substrate.68 In 
1989, Takao et al. also reported on InGaN growth by MOCVD on a sapphire substrate. 69 
However, these achievements were undermined by the poor crystal quality, revealed by the 
presence of a deep level emission in the absence of the most important optical feature of a 
semiconductor material i.e. the band-to-band emission. 68, 69 InGaN materials of a better 
quality were grown by MOCVD method on a GaN template in 1992. 70 A strong band-to-
band emission from violet to blue region of the spectrum, based on the content of indium in 
the InGaN layers was reported. 70 It was realised that InGaN materials were highly 
luminescent.  
 
The reason for the nonconforming character and high efficiency luminescence in InGaN 
materials is still unknown. It was a crucial requirement for LED materials to have defect 
densities less than 103 cm−2 in order for high efficiency to be achieved in the 1980s. However, 
lattice mismatch issues between sapphire and InGaN produced defect concentrations ≥ 109 
cm−2 in the InGaN layers even with the advances introduced in MOCVD technique in the 
1990s, nonetheless high efficiency devices were demonstrated from these highly defective 
InGaN layers. 71 To explain the observed high efficiencies of the emissions the presence of 
localized states in the InGaN layer was proposed. 72, 73 It was suggested that indium 
aggregates within the InGaN layer would have a smaller energy gap, thus act as localized 
centres. It was proposed that localized states could enhance emission by assisting the 
radiative recombination process of holes and electrons. However the origin of yellow/green 
even red luminescence in InGaN remains a subject of debate.8 
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In the current study the synthesis of hexagonal GaN plates and GaN rods have been 
attempted. Porous hexagonal 2D GaN plates were made from Ga2O3 using conventional CVD 
in the presence of ammonia at 1050 °C. The use of a conventional horizontal CVD furnace 
reactor is of interest due to the low cost of the equipment and the simplicity of the 
experimental procedure. On the other hand alloys of indium and GaN are known to have band 
energies that cover the entire electromagnetic spectrum. Therefore GaN synthesised in this 
study was doped with low concentrations of indium to alter the band gap. The mechanism of 
formation of the hexagonal plates is invoked. The effect of indium on GaN shape, 
crystallinity, purity and optical properties is investigated. 
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Table 5.1. Synthesis parameters and shapes of boron nitride and gallium nitride plates. 
 
Material 
(Nitride) 
 
Method Precursor Shaped nanoplates Re
f 
Boron nitride • gas pressure 
furnace 
• at 1450 °C  
• 60 min 
Borane 
 
57
 
Boron nitride • Stainless steel 
autoclave 
• 600 °C  
• 6h 
B2O3 and 
NaNH2  
 
 
58
 
Boron nitride • molten salt 
mediated 
reduction route 
• 1200 °C 
• 3 h 
Na2B4O7, Mg 
powders and 
N2 
 
59
 
Boron nitride • Solid system 
combustion 
route  
B2O3, Mg and 
NH4Cl 
 
60
 
Gallium nitride • chemical 
vapour 
deposition 
(CVD) method 
• 1250 °C 
• 3 h 
GaN powder, 
NH4OH and 
NH3 
 
61
 
Gallium nitride • stainless steel 
autoclave 
• 600 °C 
• 10 h 
Ga2O3, Mg and 
NaN3 
 
62
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5.5 Experimental 
 
Ga2O3 and In2O3 were used as purchased from Sigma Aldrich. 99 % NH3 and 5 % NH3/Ar 
were supplied by Afrox. In our experiments, GaN rods were prepared by ammonification of 
gallium oxide, while GaN hexagonal plates were prepared from the ammonification of a 
mixture of Ga2O3/In and Ga2O3/In2O3 in molar ratio of 3:1 at 800 °C, 900 °C, 1000 °C or 
1050 °C. A conventional horizontal CVD furnace fitted with a quartz tube was used. The 
quartz boat with Ga2O3 or Ga2O3/In2O3 mixture was placed in the quartz tube at region where 
the temperature is monitored by a thermostat. The furnace was then maintained at the desired 
temperature for 1½, 3, 4, 6 and 14 h with the flow rate of 99% NH3 at 400 sccm or 5% NH3 at 
60 sccm. The series of reactions performed is summarised in table 5.2. The reactions were 
left to cool down under NH3. Yellowish-orange powders were collected and characterised. 
XRD data was collected on a Bruker D2 diffractometer with CoKα radiation. Morphologies 
were evaluated by SEM (NOVA) and TEM (Tecnai T12). The optical properties GaN plates 
were characterized by Raman spectroscopy and Photoluminescence spectroscopy on a Jobin 
Yvon LabRAM instrument at room temperature. Electron probe micro-analysis (EPMA) for 
quantitative and qualitative elemental analysis was done on a CAMECA SX5FE. 
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Table 5.2. Reaction parameters and conditions for synthesis of GaN. 
 
Sample ID Temp (°C) Time (h) Precursors 
(mmol) 
Morphology XRD analysis 
Ga2O3 
(3) 
In2O3 
 (1) 
 
GaN 1a 1000 4 Ga2O3 5% NH3 Rods h-GaN and 
Ga2O3 
GaN 1b 1000 4 Ga2O3 99% 
NH3 
 h-GaN and  
GaN 2  1050 1½  Ga2O3 In2O3 plates h-GaN 
GaN 3a  800 3 Ga2O3 In2O3 Rods + 
particles 
Ga2O3 
GaN 3b  800 4 Ga2O3 In2O3 Rods + 
particles 
Ga2O3 
GaN 4 1050 1½ Ga2O3 ______ rods h-GaN 
GaN 5 800 14 Ga2O3 ______  h-GaN and 
Ga2O3 
GaN 6 900 4 Ga2O3 In2O3  h-GaN 
GaN 7  900 4 Ga2O3 indium  h-GaN 
GaN 8 800 6 Ga2O3 _____  h-GaN and  
Ga2O3 
 
5.6 Results and Discussions 
 
5.6.1 Microscopy analysis 
 
SEM studies were undertaken to understand the transformation of Ga2O3 to GaN. Therefore 
the morphology of the original Ga2O3 precursor was studied. SEM images of the original 
Ga2O3 at low magnification showed rod-like structures (Fig. 5.2a). Increasing the 
magnification revealed that the rod-like structures are porous in nature (Fig. 5.2b). High 
magnification SEM images showed that the rod-like structures were in fact created by an 
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agglomeration of particles in a well organised arrangement containing pores (Fig. 5.2c). It 
was also observed that as a result of particle agglomeration the surfaces of the rods were 
uneven and rough (Fig. 5.2d). 
 
 
 
Fig. 5.2. SEM images of unmodified gallium oxide: (a) rod-like Ga2O3 structures, (b) porous 
Ga2O3 rods, (d) particles forming Ga2O3 rods and (d) rough surfaces of the porous Ga2O3 
rods.  
 
The overall SEM images of the product made from a mixture of oxides (Ga2O3 and In2O3) at 
800 °C for 3 h did not deviate much from the rod-like morphology of the original Ga2O3 (Fig. 
5.3a). However, a closer view at higher magnification showed that amongst the porous rod-
like structures there were some solid facetted particles, which could possibly be due to 
unreacted In2O3 (Fig. 5.3b). From our earlier studies it was determined that in the absence of 
a UV-light source (chapter 4), In2O3 would either not react or be converted to metallic indium 
depending on temperature. The experimental conditions used in this case would have made it 
possible for In2O3 to remain unreacted in the final product.  
a b 
c d 
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Fig. 5.3. GaN materials made at 800 °C from a mixture of oxides (Ga2O3 and In2O3): (a) rod-
like GaN structures and (b) rod-like GaN structures with facetted particles. 
 
At high temperature the SEM images showed an inhomogeneous sample (Fig. 5.4a,b). A 
more detailed analysis was obtained from a higher magnification SEM image, where a 
mixture of rods and particles was observed (Fig. 5.4b). While the temperature (1000 °C) for 
the reaction was high enough to support the activation of both Ga2O3 and In2O3, the nitrogen 
deficient conditions created by supplying 60 sccm of 5%NH3 in argon would not favour a 
complete reaction, resulting in some of the precursors remaining unconverted. Under the 
provided reaction conditions the thermally stable In2O3 (which decomposes at temperatures 
around 2000 °C) could resist activation due to a deficiency in nitriding species and a less 
reducing atmosphere created by argon gas, thus an inhomogeneous mixture of morphological 
structures would then result. 
 
 
Fig. 5.4. SEM images of GaN materials made from Ga2O3 and In2O3 at 1000 °C under 60 
sccm of 5%NH3: (a) inhomogeneous GaN strucutures and (b) rods and particles. 
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Structures similar to the original Ga precursor (Ga2O3) were observed in the absence of In2O3 
at 1050 °C for 1½ h in 400 sccm of 99% NH3 (Fig. 5.5). The sample is homogenous and no 
facetted particles were observed in it (Fig. 5.5a), endorsing the likelihood that the facetted 
particles observed in the samples were In2O3. The similarity of this GaN material to the 
inherent rod-like morphology of the Ga2O3 suggests that structural transformation does not 
occur during the nitridation process under the current conditions 
 
 
Fig. 5.5. SEM images of GaN made from Ga2O3 at 1050 °C for 1½ h in 400 sccm NH3: (a) 
porous rod-like GaN structures and (b) an agglomeration of particles forming the rod. 
 
To test the above hypothesis a reaction using similar conditions (1050 °C, 1½ h, 400 sccm 
99% NH3) and a mixture of oxides (Ga2O3 and In2O3) was performed. A homogeneous array 
of particles was observed at low magnification (Fig. 5.6a). Upon increasing the magnification 
it was observed that the particles were porous (Fig. 5.6b). High magnification showed that the 
particles were in fact 2-dimensional (2D) plates bearing a hexagonal shape (Fig. 5.6c,d). 
None the rod-like Ga2O3 structures were observed in this case. Thus, In2O3 assisted in the 
morphological transformation observed. We therefore suggest that In/GaN solutions were 
formed in this process, and upon crystallisation hexagonal platelets from In/GaN solid 
solutions resulted. 
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Fig. 5.6. SEM images of GaN made from Ga2O3 and In2O3 at 1050 °C for 1½ h in 400 sccm 
NH3: (a) homogeneity of the GaN particles, (b) porous GaN particles, (c) even-sized 
hexagonal GaN plates and (d) perforation on the hexagonal 2D GaN plate. 
 
5.6.2. Electron probe micro-analysis (EPMA/WDS) and EDS 
 
In order to determine if the thermally unstable indium phase formed part of the resulting 
composition, elemental analysis of the nanoplates made from nitridation of a mixture of In2O3 
and Ga2O3 was performed by energy dispersive X-ray spectroscopy (EDS). The EDS 
spectrum identified three elements; nitrogen, indium and gallium (Fig. 5.7). The nitrogen Lα1 
emission peak is seen at 0.392 KeV. The overlapping Ga Lα1 and Lβ1 emissions peak are 
observed at 1.01 and 1.03 KeV. Indium gave three overlapping emissions namely; Lα1, Lα2 
and Lβ1 at 3.287, 3.279 and 3.49 KeV respectively (Fig. 5.7).  
 
Wavelength dispersive X-ray spectroscopy (WDS) analysis was carried out to identify and 
quantify the amount of indium to gallium in the InGaN materials. EPMA measurements were 
also done because it offers the advantages of an improved spectral resolution, high sensitivity 
a b 
c d 
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and ability to detect low concentrations (down to parts per million).Chemical analysis by 
wavelength dispersive X-ray spectroscopy is based upon analysing the characteristic X-rays 
emitted by a specimen whereby the wavelength spectrum is studied. Therefore, by using 
suitable diffracting crystals, the constituent wavelengths of the characteristic spectrum 
emitted by the specimen can be resolved. The diffracting crystals used are pentaérythriol 
(C5H12O4) (PET) and lithium fluoride (LIF) for detection of each element as depicted in table 
5.3. The Kα peaks are preferred over Lα peaks as the former are of higher energy. 
 
Analysis of the wavelength spectrum produces qualitative information about the elements 
(Fig. 5.8). The wavelength spectrum obtained from the large lithium fluoride (LLIF) crystal 
shows the Ga Kα peak of the first order at ~ 33200 nm, a Kα of the second order at 30000 nm 
and a LƖ emission peak at ~ 66000 nm. An Lα emission peak of the first order was obtained 
from indium on the LPET crystal at ~ 43000 nm. 
 
Quantitative analysis data is obtained by comparing the intensities of X-ray characteristic of 
each element present in the specimen (Is) with the intensity of the same radiation emitted by a 
standard (Istd), in which the concentration (Cstd) is known. Gallium arsenide and indium 
phosphide were used as the standards of known composition for both Ga and In respectively 
(Table 5.3). The concentration of each element in the specimen (Cs) is obtained from the κ-
ratios (I/Istd) (Table 5.4). To increase the accuracy, multiple measurements were taken from 
which an average concentration is obtained. The average atomic percentages of 0.17% In to 
99.83 % Ga were obtained. Thus the composition of the alloy is obtained as In0.01 Ga0.99 N. 
 
 
 
Fig. 5.7. EDS spectrum obtained from InGaN nanoplates. 
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Table 5.3. EPMA instrument settings for acquiring quantitative information. 
 
Elements Crystal Position Background - Background + Standard 
Name  
 
Standard 
composition 
Ga Ka LLIF 33264 -600 600 Ga On 
GaAs 
Ga : 48.208% 
As : 51.792% 
In La LPET 43071 -600 600 In On InP As : 51.792% 
P  : 21.2449% 
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Fig. 5.8. Qualitative WDS spectra obtained from InGaN nanoplates showing detected by 
crystals LLIF and LPET. 
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Table 5.4. Concentrations of indium and gallium in nanoplates determined by EPMA-WDS. 
 
Element 
type 
Beam curr 
(nA) 
Peak cnt 
(cps) 
Peak 
Time (s) 
Relative 
Weight% 
Norm 
Weight% 
Atomic 
% 
StdDev 
wt% 
Ga 10.35 1618.3 10 46.81 99.76 99.86 1.61 
In 10.35 19.53 30 0.11 0.24 0.14 0.05 
Total       46.92 100 100   
Ga 10.08 1677.23 10 49.98 99.75 99.85 1.71 
In 10.08 21.03 30 0.13 0.25 0.15 0.05 
Total       50.11 100 100   
Ga 10.16 1854.68 10 55.07 99.66 99.8 1.83 
In 10.16 26.44 30 0.19 0.34 0.2 0.06 
Total       55.25 100 100   
Ga 10.21 1868.65 10 55.23 99.68 99.81 1.84 
In 10.21 26.17 30 0.18 0.32 0.19 0.06 
Total       55.41 100 100   
Average 
Values 
Beam curr 
(nA) 
Peak cnt 
(cps) 
Peak 
Time (s) 
Ave. Rel. 
Weight% 
Ave. Norm 
Weight% 
Average 
Atomic% 
StdDev 
wt% 
Ga 10.2 1754.715 10 51.7725 99.7125 99.83 1.7475 
In 10.2 23.2925 30 0.1525 0.2875 0.17 0.055 
 
5.6.3 XRD analysis 
 
To determine the optimum GaN conversion temperature, three conversion temperatures (800, 
900, 1000 and 1050 °C) and various conversion times (1½, 3, 4, 6 and 14 h) were used. The 
evolution of XRD patterns as a function of the conversion time at 800 °C temperature is 
displayed in Fig. 5.9 (a-d). At a conversion time of 3 h and a temperature of 800 °C, the XRD 
patterns did not differ much from that of Ga2O3 (Fig. 5.10; taken from Ogi et. al 74). The 
pattern started to show some changes at a conversion time of 4 h where the major hexagonal 
GaN (h-GaN) (hkl) peaks 100 and 101 could be observed emerging out of the Ga2O3 pattern. 
After a conversion time of 6 h the pattern changed to a broad h-GaN pattern with some Ga2O3 
impurity peaks marked by an asterisk (*) still remaining. However after a conversion time of 
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14 h the pattern became that of crystalline h-GaN phase but still not completely free of the 
oxide impurity.  
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Fig. 5.9. XRD patterns of hexagonal GaN synthesised at 800 °C at varying conversion times. 
The peaks marked by an asterisk (*) show Ga2O3 impurities. 
 
To determine the impact of indium on the synthesis of GaN, two different types of indium 
sources in the form of indium oxide (In2O3) or metallic indium (In) were mixed with Ga2O3 at 
900 °C for 4 h. The XRD patterns of the materials obtained showed crystalline h-GaN phases 
(Fig. 5.11). There were no indium based phases seen in the GaN XRD patterns. This 
suggested that the GaN obtained was either pure or that the indium incorporated was too 
minute to be detected by XRD analysis. The inability to detect indium in the final GaN 
product implied that most of the indium was eliminated from the reaction chamber by 
vaporisation during synthesis. All the reaction parameters used in this case would support 
reduction of In2O3 to metallic In and the loss of In in the vapour form. Hence, indium in both 
supplied forms did not have an effect on the crystallinity and purity of the synthesised h-GaN. 
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Fig. 5.10. Modified image of the XRD pattern of Ga2O3 particles.74 
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Fig. 5.11. XRD patterns of hexagonal GaN synthesised at 900 °C in the presence of different 
sources of indium: (a) a pattern from GaN material made from a mixture of Ga2O3 and In2O3. 
(b) a pattern from GaN material made from a mixture of indium metal and Ga2O3. 
 
To confirm the impact of indium or lack thereof on the purity and crystallinity of GaN more 
materials were prepared under a slightly different set of conditions (1050 C, 1½ h) and the 
XRD pattern of materials prepared in the absence of indium was compared with that obtained 
from samples prepared in the presence of In2O3 (Fig. 5.12). As in the previous case the XRD 
patterns obtained from both samples do not vary and a pure GaN phase of high crystallinity 
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was observed from both patterns. Therefore it could be concluded that indium at high 
temperatures (≥ 900 °C) has no impact on the GaN crystallinity. Indium has such a high 
vapour pressure, that at typical growth temperatures of GaN (1000°C), it would boil off the 
surface and not incorporate into the crystal lattice. Growth at lower temperatures yielded poor 
crystal quality along with numerous defects and impurity incorporation. The incorporation of 
indium has been reported to strongly dependent on the temperature.8 
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Fig. 5.12. XRD patterns of hexagonal GaN synthesised at 1050 °C: (a) in the absence and (b) 
in the presence of In2O3 for 1½ h. 
 
To determine the impact of the amount of activated nitrogen species on the conversion of 
Ga2O3 to GaN, 5% NH3/Ar (60 sccm) was supplied to the reaction chamber at 1000 °C for 4 
h and compared with 99% NH3 under the same conditions. The XRD pattern of materials 
prepared from 5% NH3 showed a mixture of phases; an h-GaN phase marked (♦) and a Ga2O3 
phase marked by an asterisk (*) (Fig. 5.13a). Even though the temperature and time were 
ideal for complete conversion, the nitrogen deficient conditions did not support complete 
conversion for the duration given. On the contrary the XRD pattern of materials made from 
99% NH3 showed pure h-GaN phase of high crystallinity (Fig. 5.13b). Thus, even at high 
temperatures a good supply of activated nitrogen species was deemed critical for complete 
conversion of Ga2O3 to GaN. 
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Fig. 5.13. XRD patterns of hexagonal GaN synthesised at 1000 °C under different 
concentrations of NH3 gas after 4 h: (a) XRD pattern of impure GaN synthesised in the 
presence of 5% NH3 and (b) XRD pattern of pure GaN synthesised in the presence of 99% 
NH3. 
 
5.6.4 Photoluminescence spectroscopy 
 
Optical properties of GaN nanostructures are useful and allow scientists to understand the 
physics of nanostructures and their potential applications in the field of optoelectronics. The 
photoluminescence (PL) spectra of GaN nanorods and InGaN plates made at 1050 °C for 
1½h from Ga2O3 and a mixture of Ga2O3 and In2O3 respectively are shown in figure 5.14. 
The photoluminescence (PL) spectrum of GaN nanorods has a strong UV emission peak (385 
nm) (Fig. 5.14a). The location of the UV emission peak (3.22 eV) was close to that of bulk 
GaN (3.4 eV), but the shift in energy indicates that tensile stress exists in the GaN nanorods 
(Fig. 5.14b). The UV emission can be attributed to the near band-edge transition. 75 Figure 
5.15 shows the electromagnetic spectrum and UV range at which GaN is expected to emit. 
However, the photoluminescence (PL) spectrum of InGaN plates shows a blue emission peak 
(434 nm) (Fig. 5.14a). The energy of the blue emission is 2.86 eV (Fig. 5.14b). It has been 
reported that increasing InN mole fraction in GaN would shift the emission to 450 nm, but at 
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the expense of introducing additional structural defects because InGaN is not lattice matched 
to GaN.76 
 
Most of the GaN synthesised in the 1970s was intentionally doped with magnesium to make 
it p-type. The Mg-doped GaN gave spectra that exhibited emission of blue light, usually in 
the range of 425-450 nm.77 It has been suggested that in order for the blue light-emission to 
occur, an electron must be removed from the deep levels by some process such as impact 
excitation. An electron that had been injected into the p-type material from the n-type region 
can recombine with the newly created hole in the Mg-H complex, and then this electron 
completes its journey by recombining with a hole in the valence band, a hole that is 
associated with the bare Mg atom. 77 
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Fig. 5.14. PL spectrum of GaN and InGaN plates made from a mixture of oxides at 1050 °C: 
(a) the wavelengths of the respective emissions and (b) the energies of the emissions 
observed. 
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Fig. 5.15. The electromagnetic spectrum showing the relevant colour emissions in the visible 
light region.93 
 
5.6.5. Raman spectra 
 
According to group theory, hexagonal GaN should show A1(z) + 2B1 + E1(x,y) + 2E2 optical 
modes predicted at the Γ point of the Brillouin zone. The two E2 modes are Raman active, the 
A1 and E1 modes are both Raman and infrared active (Fig. 5.16), and the two B1 modes are 
optically silent.78 The A1 and E1 modes split into longitudinal optical (LO) and transverse 
optical (TO) modes.79 Four interesting phonon properties in GaN nanowires and InGaN 
plates have been revealed by light scattering. The four observed Raman-active phonon bands 
near 140, 535, 567 and 731 cm-1 have symmetries E2 (low), A1 (TO), E2 (high) and A1 (LO), 
respectively (Fig. 5.17). 80, 81  
 
The A1 (TO) peak observed at 535 cm-1 is substantially broad (Fig. 5.17b). The broadening 
may be attributed to the overlap of the A1 (TO) mode of the GaN phase and the E1 (TO) 
mode of the InGaN phase. 82 The E2 (high) mode (567/5 cm-1) of the studied materials is 
lower than that of bulk GaN material (570 ± 2 cm-1).83 The E2 (high) is usually used to 
analyse the stress state in films due to its high sensitivity to stress and the frequency shift of 
the E2 (high) mode is thus attributed to the strain variation.  
 
The A1 (LO) mode for GaN nanowires observed at 731 cm-1 is close to the bulk GaN value of 
735 cm-1 (Fig. 5.17a).84 For the InGaN plates, the A1 (LO) mode has shifted towards lower 
wavenumbers (720 cm-1) than the GaN nanowires (Fig. 5.17b). The A1 (LO) phonon peak at 
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~717 cm-1 has been reported previously in strain-relaxed InGaN, 82, 85 and at 729 cm-1 in 
strained InGaN.85 It was also reported that even in relaxed InGaN quantum wells the A1 (LO) 
frequency was always below the GaN value. 86 We therefore attribute the feature at 720 cm-1 
to the InGaN phase. 
 
We also observed SO phonon modes for the InGaN plates at 686 cm-1 (Fig. 5.17b). The SO 
phonon modes, corresponding to wave numbers in between the transverse optical (TO) and 
longitudinal optical (LO) phonon modes, are difficult to observe for a perfect surface having 
constraints in conservation of momentum.56 Normally, SO modes are observed when the 
translational symmetry of the surface potential is broken. Thus any perturbation of the surface 
potential induced by surface roughness is capable of absorbing the phonon momentum, 
essentially making the SO phonon observable.80 Only a few reports are available on the 
Raman study of SO phonons in GaN nanostructures. An SO phonon was reported to appear 
around 680-718 cm-1 in a single 1D GaN NW and in GaN nanopillars of diameters < 100 nm. 
87
  
 
Two additional modes which are not allowed by the C4ν space group in first-order Raman 
scattering are also observed at 256 and 420 cm-1. The zone boundary phonons appearing 
around 250 and 420 cm-1 have been reported be Chen et al. in GaN nanowires. 88A different 
study has specifically associated the 420 cm-1 phonon with the acoustic second order zone 
boundary (ZB) mode of the E2 symmetry activated by the finite-size effects.89 It has been 
suggested that the relaxation of the q = 0 selection rule due to the effects of finite crystallite 
size not only broadens the Raman-allowed modes, but also causes new modes to appear that 
correspond to q ≠ 0 phonons. 88, 89  
 
In general the phonon peaks for the InGaN spectrum have broadened significantly in relation 
to the GaN nanowire spectrum. The broadening of the first-order modes in the Raman spectra 
of the InGaN plates can be explained by the phonon confinement model,90-92 which suggests 
that the phonons in nanometric-sized systems can be confined in space by crystallite 
boundaries or surface disorders. Consequently, this confinement causes an uncertainty in the 
wave vector of the phonons, which results in a redshift (low frequency) and broadening of the 
Raman features. 6 Essentially the presence of indium atoms with the GaN lattice in our 
material may have induced disorders responsible for the observed peak broadening.  
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Fig. 5.16. GaN Raman breathing modes modified from Kuo et al. 94 
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Fig. 5.17. GaN Raman spectrum of GaN plates made from a mixture of Ga2O3 and In2O3. 
 
5.7 Platelet growth mechanism 
 
At the typical growth temperatures of GaN (1050°C) and high ammonia concentrations, 
Ga2O3 and In2O3 would both be reduced to their metallic forms and fuse as a melt. Both Ga 
and In would assist in the dissociation of NH3 at the surface of the melt. GaN crystallites 
would then form on the surface of the liquid metal mixture leading to the formation of solid 
solutions. However, indium due to its high vapour pressure and poor thermal stability would 
vaporise off the surface and not incorporate into the crystal leaving behind pores observed on 
the hexagonal plates. It is a challenge at this stage to explain why the crystallites were 
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hexagonal in the absence of a template. Some studies on GaN suggested that the crystal 
morphology depended on the experimental conditions: for conditions out of equilibrium (the 
nitrogen pressure value being far from the determined equilibrium one) a hexagonal prism 
shape (elongated along c-axis) would be observed whereas for those close to equilibrium 
conditions a hexagonal plate shape (perpendicular to the c-axis) would result. 95 
 
5.8 Conclusions 
 
The GaN growth is a temperature dependent process in that all reactions performed at 800 °C 
show incomplete conversion of Ga2O3. It is also established that nitrogen deficient conditions 
do not favour a complete conversion of Ga2O3 even at typical GaN growth temperatures (≥ 
850 °C). However, under nitrogen rich synthesis conditions and high temperatures high 
purity GaN was prepared with ease. While, preparing InGaN presented some challenges: for 
instance the chosen In precursor In2O3 is thermally stable, therefore it did not react easily at 
conditions suitable for the conversion of Ga2O3. On the other hand conditions suitable for the 
activation of In2O3 did not sustain the target InN phase because of its low thermal stability, 
thus most of the In was eliminated by vaporization instead of being co-deposited with the 
GaN phase. Hence, low concentration of In (In > 0.1%) have successfully been incorporated 
into the GaN crystals resulting in In0.01Ga0.99N alloys. While phase segregation is expected in 
InGaN alloys further studies would be necessarily to establish homogeneity. The UV 
emission energy 3.22 eV was attributed to the near band-edge transition in GaN nanorods. 
While InGaN plates gave a blue emission whose transition energy is 2.86 eV. The observed 
change in wavelength emission with the addition of indium to GaN from UV to blue emission 
renders the produced InGaN a good candidate for solar cell and LED applications. 
 
 
 
 
 
 
 
 
 
 Chapter		-Gallium	nitride 	
 
   
  
5.9 References 
 
1. H. P. Maruska and J. Tietjen, Applied Physics Letters, 1969, 15, 327-329. 
2. M. R. Lorenz and B. B. Binkowski, Journal of The Electrochemical Society, 1962, 
109, 24-26. 
3. J. I. Pankove, E. A. Miller, D. Richman and J. E. Berkeyheiser, Journal of 
Luminescence, 1971, 4, 63-66. 
4. N. Shuji, S. Masayuki and M. Takashi, Japanese Journal of Applied Physics, 1993, 
32, L8. 
5. S. Nakamura, M. Senoh, S.-i. Nagahama, N. Iwasa, T. Yamada, T. Matsushita, H. 
Kiyoku and Y. Sugimoto, Japanese Journal of Applied Physics, Part 2: Letters, 1996, 
35, L74-L76. 
6. I. Akasaki, S. Sota, H. Sakai, T. Tanaka, M. Koike and H. Amano, Electronics 
Letters, 1996, 32, 1105-1106. 
7. I. Akasaki, International Journal of Modern Physics B, 2015, 29, 1530014. 
8. S. Nakamura, Annalen der Physika, 2015, 527, 335-349. 
9. J. W. Shi, H. Y. Huang, J. K. Sheu, S. H. Hsieh, Y. S. Wu, L. Ja-Yu, F. H. Huang and 
W. C. Lai, Photonics Technology Letters, IEEE, 2006, 18, 283-285. 
10. Y. J. Hong, C.-H. Lee, A. Yoon, M. Kim, H.-K. Seong, H. J. Chung, C. Sone, Y. J. 
Park and G.-C. Yi, Advanced Materials, 2011, 23, 3284-3288. 
11. L. R. Dawson, Progress in Solid State Chemistry, 1972, 7, 117-139. 
12. E. Kuphal, Applied Physics A, 1991, 52, 380-409. 
13. M. Azizi, E. Meissner, J. Friedrich and G. Müller, Journal of Crystal Growth, 2011, 
322, 74-77. 
14. H. M. Manasevit, Applied Physics Letters, 1968, 12, 156-159. 
15. W. Schairer and W. Graman, Journal of Physics and Chemistry of Solids, 1969, 30, 
2225-2229. 
16. S. M. Ku, Journal of The Electrochemical Society, 1963, 110, 991-995. 
17. D. W. Shaw, Journal of Crystal Growth, 1975, 31, 130-141. 
18. J. J. Tietjen and J. A. Amick, Journal of The Electrochemical Society, 1966, 113, 724-
728. 
19. V. S. Ban, Journal of The Electrochemical Society, 1972, 119, 761-765. 
 Chapter		-Gallium	nitride 	
 
   
  
20. T. Detchprohm, K. Hiramatsu, H. Amano and I. Akasaki, Applied Physics Letters, 
1992, 61, 2688-2690. 
21. P. Hacke, T. Detchprohm, K. Hiramatsu and N. Sawaki, Applied Physics Letters, 
1993, 63, 2676-2678. 
22. R. A. Logan and C. D. Thurmond, Journal of The Electrochemical Society, 1972, 119, 
1727-1735. 
23. S. Porowski, 1999. 
24. T. Inoue, Y. Seki, O. Oda, S. Kurai, Y. Yamada and T. Taguchi, Physica Status Solidi 
(b), 2001, 223, 15-27. 
25. S. Nakamura, Y. Harada and M. Seno, Applied Physics Letters, 1991, 58, 2021-2023. 
26. W. Shan, T. J. Schmidt, X. H. Yang, S. J. Hwang, J. J. Song and B. Goldenberg, 
Applied Physics Letters, 1995, 66, 985-987. 
27. A. C. Jones, Chemical Society Reviews, 1997, 26, 101-110. 
28. T. Liang, J. Tang, J. Xiong, Y. Wang, C. Xue, X. Yang and W. Zhang, Vacuum, 2010, 
84, 1154-1158. 
29. T. Kuykendall, P. Pauzauskie, S. Lee, Y. Zhang, J. Goldberger and P. Yang, Nano 
Letters, 2003, 3, 1063-1066. 
30. B. A. Joyce and R. R. Bradley, Philosophical Magazine, 1966, 14, 289-299. 
31. K. Masahiko and K. Takeshi, Semiconductor Science and Technology, 2002, 17, 746. 
32. B. A. Joyce and T. B. Joyce, Journal of Crystal Growth, 2004, 264, 605-619. 
33. T. D. Moustakas, E. Iliopoulos, A. V. Sampath, H. M. Ng, D. Doppalapudi, M. Misra, 
D. Korakakis and R. Singh, Journal of Crystal Growth, 2001, 227–228, 13-20. 
34. Y. Horikoshi, H. Yamaguchi, F. Briones and M. Kawashima, Journal of Crystal 
Growth, 1990, 105, 326-338. 
35. S. D. Burnham, G. Namkoong, D. C. Look, B. Clafin and W. A. Doolittle, Journal of 
Applied Physics, 2008, 104, 024902. 
36. F. Smidt, International Materials Reviews, 1990, 35, 61-128. 
37. J. Gerlach, A. Hofmann, T. Hoche, F. Frost, B. Rauschenbach and G. Benndorf, 
Applied Physics Letters, 2006, 88, 11902-11902. 
38. D. Poppitz, A. Lotnyk, J. W. Gerlach, J. Lenzner, M. Grundmann and B. 
Rauschenbach, Micron, 2015, 73, 1-8. 
39. G. Nicolas, D. Benjamin and M. Jean, Journal of Physics: Condensed Matter, 2001, 
13, 6945. 
 Chapter		-Gallium	nitride 	
 
   
  
40. C. Skierbiszewski, Z. R. Wasilewski, I. Grzegory and S. Porowski, Journal of Crystal 
Growth, 2009, 311, 1632-1639. 
41. M. Manfra, K. Baldwin, A. Sergent, K. West, R. Molnar and J. Caissie, Applied 
Physics Letters, 2004, 85, 5394-5396. 
42. C. Skierbiszewski, K. Dybko, W. Knap, M. Siekacz, W. Krupczynski, G. Nowak, M. 
Bockowski, J. Lusakowski, Z. Wasilewski and D. Maude, Applied Physics Letters, 
2005, 86, 2106. 
43. P. Waltereit, H. Sato, C. Poblenz, D. S. Green, J. S. Brown, M. McLaurin, T. Katona, 
S. P. DenBaars, J. S. Speck, J.-H. Liang, M. Kato, H. Tamura, S. Omori and C. 
Funaoka, Applied Physics Letters, 2004, 84, 2748-2750. 
44. S.-K. Lee, H.-J. Choi, P. Pauzauskie, P. Yang, N.-K. Cho, H.-D. Park, E.-K. Suh, K.-
Y. Lim and H.-J. Lee, Physica Status Solidi (b), 2004, 241, 2775-2778. 
45. K. A. Bertness, N. A. Sanford, J. M. Barker, J. B. Schlager, A. Roshko, A. V. 
Davydov and I. Levin, Journal of Electronic Materials, 2006, 35, 576-580. 
46. Z. Wu, M. G. Hahm, Y. J. Jung and L. Menon, Journal of Materials Chemistry, 2009, 
19, 463-467. 
47. Z. Dong, C. Xue, H. Zhuang, S. Wang, H. Gao, D. Tian, Y. Wu, J. He and Y. a. Liu, 
Physica E: Low-dimensional Systems and Nanostructures, 2005, 27, 32-37. 
48. R. S. Wagner and W. C. Ellis, Applied Physics Letters, 1964, 4, 89-90. 
49. W.-Q. Han and A. Zettl, Applied Physics Letters, 2002, 80, 303-305. 
50. A. Y. Polyakov, D.-W. Jeon, A. V. Govorkov, N. B. Smirnov, V. N. Sokolov, E. A. 
Kozhukhova, E. B. Yakimov and I.-H. Lee, Journal of Alloys and Compounds, 2013, 
554, 258-263. 
51. K. Bao, L. Shi, X. Liu, C. Chen, W. Mao, L. Zhu and J. Cao, Journal of 
Nanomaterials, 2010, 2010, 6. 
52. N. Fu, E. Li, Z. Cui, D. Ma, W. Wang, Y. Zhang, S. Song and J. Lin, Journal of 
Alloys and Compounds, 2014, 596, 92-97. 
53. T. Kallel, M. Dammak, J. Wang, W. M. Jadwisienczak, J. Wu and R. Palai, Journal of 
Alloys and Compounds, 2014, 609, 284-289. 
54. S. Xue, X. Zhang, R. Huang, D. Tian, H. Zhuang and C. Xue, Crystal Growth & 
Design, 2008, 8, 2177-2181. 
55. X. Sun and Y. Li, Angewandte Chemie International Edition, 2004, 43, 3827-3831. 
 Chapter		-Gallium	nitride 	
 
   
  
56. Y. Lan, F. Lin, Y. Li, Y. Dias, H. Wang, Y. Liu, Z. Yang, H. Zhou, Y. Lu, J. Bao, Z. 
Ren and M. A. Crimp, Journal of Crystal Growth, 2015, 415, 139-145. 
57. B. Zhong, G. Zhao, X. Huang, X. Zhang, J. Chen, H. Ren and G. Wen, Materials 
Research Bulletin, 2014, 53, 190-195. 
58. K. Bao, F. Yu, L. Shi, S. Liu, X. Hu, J. Cao and Y. Qian, Journal of Solid State 
Chemistry, 2009, 182, 925-931. 
59. L. Ye, L. Zhao, F. Liang, X. He, W. Fang, H. Chen, S. Zhang and S. An, Ceramics 
International, 2015, 41, 14941-14948. 
60. H. Nersisyan, T.-H. Lee, K.-H. Lee, S.-U. Jeong, K.-S. Kang, K.-K. Bae and J.-H. 
Lee, Journal of Solid State Chemistry, 2015, 225, 13-18. 
61. G. Nabi, C. Cao, S. Hussain, W. S. Khan, T. Mehmood, Z. Usman, Z. Ali, F. K. Butt, 
Y. Fu, J. Li and M. Z. Iqbal, Materials Letters, 2012, 79, 212-215. 
62. W. Mao, K. Bao, R. Sun, Z. Li and L. Rong, Journal of Alloys and Compounds, 2015, 
620, 5-9. 
63. H. Grimmeiss and H. Koelmans, Zeitschrift für Naturforschung A, 1959, 14, 264-271. 
64. H. G. Grimmeiss and J. W. Allen, Journal of Non-Crystalline Solids, 2006, 352, 871-
880. 
65. J. I. Pankove, E. A. Miller and J. E. Berkeyheiser, Journal of Luminescence, 1972, 5, 
84-86. 
66. J. I. Pankove, E. A. Miller and J. E. Berkeyheiser, Journal of Luminescence, 1973, 6, 
54-60. 
67. X.-L. Hu, J.-Q. Li, Y.-F. Zhang, H.-H. Li and Y. Li, Theoretical Chemical Accounts, 
2009, 123, 521-525. 
68. K. Osamura, K. Nakajima, Y. Murakami, P. H. Shingu and A. Ohtsuki, Solid State 
Communications, 1972, 11, 617-621. 
69. N. Takao, K. Takeshi, M. Hiroyuki and O. Osamu, Japanese Journal of Applied 
Physics, 1989, 28, L1334. 
70. N. Shuji and M. Takashi, Japanese Journal of Applied Physics, 1992, 31, L1457. 
71. S. D. Lester, F. A. Ponce, M. G. Craford and D. A. Steigerwald, Applied Physics 
Letters, 1995, 66, 1249-1251. 
72. S. Chichibu, T. Azuhata, T. Sota and S. Nakamura, Applied Physics Letters, 1996, 69, 
4188-4190. 
73. S. Nakamura, Science, 1998, 281, 956-961. 
 Chapter		-Gallium	nitride 	
 
   
  
74. T. Ogi, Y. Kaihatsu, F. Iskandar, E. Tanabe and K. Okuyama, Advanced Powder 
Technology, 2009, 20, 29-34. 
75. R. Sun, H.-Y. Zhang, G.-G. Wang, J.-C. Han, C. Zhu, X.-P. Liu and L. Cui, Ceramics 
International, 2014, 40, 13967-13970. 
76. H. Morkoc and S. N. Mohammad, Science, 1995, 267, 51-55. 
77. H. P. Maruska, D. A. Stevenson and J. I. Pankove, Applied Physics Letters, 1973, 22, 
303-305. 
78. T. Kozawa, T. Kachi, H. Kano, Y. Taga, M. Hashimoto, N. Koide and K. Manabe, 
Journal of Applied Physics, 1994, 75, 1098-1101. 
79. T. Livneh, J. Zhang, G. Cheng and M. Moskovits, Physical Review B, 2006, 74, 
035320. 
80. P. Sahoo, S. Dhara, S. Dash, A. Tyagi, B. Raj, C. Das, P. Chandramohan and M. 
Srinivasan, International Journal of Nanotechnology, 2010, 7, 823-832. 
81. V. Y. Davydov, Y. E. Kitaev, I. N. Goncharuk, A. N. Smirnov, J. Graul, O. 
Semchinova, D. Uffmann, M. B. Smirnov, A. P. Mirgorodsky and R. A. Evarestov, 
Physical Review B, 1998, 58, 12899-12907. 
82. S.-E. Wu, S. Dhara, T.-H. Hsueh, Y.-F. Lai, C.-Y. Wang and C.-P. Liu, Journal of 
Raman Spectroscopy, 2009, 40, 2044-2049. 
83. L. Filippidis, H. Siegle, A. Hoffmann, C. Thomsen, K. Karch and F. Bechstedt, 
Physica Status Solidi (b), 1996, 198, 621-627. 
84. S. Bhattacharya, A. Datta, S. Dhara and D. Chakravorty, Journal of Raman 
Spectroscopy, 2011, 42, 429-433. 
85. M. Correia, S. Pereira, E. Pereira, J. Frandon and E. Alves, Applied Physics Letters, 
2003, 83, 4761-4763. 
86. S. Lazić, M. Moreno, J. Calleja, A. Trampert, K. Ploog, F. Naranjo, S. Fernandez and 
E. Calleja, Applied Physics Letters, 2005, 86, 061905. 
87. C.-L. Hsiao, L.-W. Tu, T.-W. Chi, M. Chen, T.-F. Young, C.-T. Chia and Y.-M. 
Chang, Applied Physics Letters, 2007, 90, 043102. 
88. C.-C. Chen, C.-C. Yeh, C.-H. Chen, M.-Y. Yu, H.-L. Liu, J.-J. Wu, K.-H. Chen, L.-C. 
Chen, J.-Y. Peng and Y.-F. Chen, Journal of the American Chemical Society, 2001, 
123, 2791-2798. 
89. H. Siegle, G. Kaczmarczyk, L. Filippidis, A. P. Litvinchuk, A. Hoffmann and C. 
Thomsen, Physical Review B, 1997, 55, 7000-7004. 
 Chapter		-Gallium	nitride 	
 
   
  
90. T. Kanata, H. Murai and K. Kubota, Journal of Applied Physics, 1987, 61, 969-971. 
91. H. Richter, Z. P. Wang and L. Ley, Solid State Communications, 1981, 39, 625-629. 
92. I. H. Campbell and P. M. Fauchet, Solid State Communications, 1986, 58, 739-741. 
93. S. Chattopadhyay, A. Ganguly, K.-H. Chen and L.-C. Chen, Critical Reviews in Solid 
State and Materials Sciences, 2009, 34, 224-279. 
94. S.-Y. Kuo, F.-I. Lai, W.-C. Chen and C.-N. Hsiao, Journal of Crystal Growth, 2008, 
310, 5129-5133. 
95. A. Denis, G. Goglio and G. Demazeau, Materials Science and Engineering: R: 
Reports, 2006, 50, 167-194. 
 
 
 Chapter		-Sensors 	
 
   
 
Chapter 6 
 Gas sensors properties of InN and InGaN nanomaterials  
 
6.1. Introduction 
 
The interest in designing new semiconductor materials for use in power electronics and 
optoelectronic applications has been escalating tremendously.1, 2 Immense amount of 
attention has been given to the wide band gap semiconductors due to their application in 
lasers3 and photonics.4 Some materials are of greater interest because of their unique 
properties such as high thermal conductivity, resilience, 5 and large voltage resistivity. 6 
Group III-nitride device fabrication is currently at the centre of innovative technology of 
semiconductors due to the fact that these materials are peculiar. Group III-nitrides comprise 
of GaN, AlN and InN. Some group III-nitrides have received less attention than others over 
the years due to their intricate properties, 7 while more attention has been paid to others for 
their high energy band gap and biocompatibility. 1, 8 Properties such as thermal conductivity, 
photoconductivity, resilience and biocompatibility amongst others play a major role in the 
design of sensors for remote, in-situ, in-vivo, high temperature and low detection level 
measurements. Moreover, group III-nitrides are ideal for gas sensing as they have numerous 
advantageous properties including their ability to operate at high temperatures and low 
leakage current at room temperature. 9 
 
It was shown in early studies that the surface chemistry of a material is determined by the 
active chemical functionalities found at the surface, and to a lesser degree by the crystal 
orientation.9-13 Group III-nitrides prefer to crystallize in the wurtzite crystal structure. The 
fascinating feature of the wurtzite crystal structure is the (0001) orientation because the outer 
most atomic layer has three bonds to the underlying nitrogen atomic plane while the forth 
unoccupied bond (dangling bond) is available for interaction with ligands in its proximity. 
Thus, chemical interactions with the reactive species largely depend on the chemistry of the 
surface layer of the semiconductor material. Extensive studies have proven that there is an 
induced polarity in these bonds 14, 15 Of the three group III-nitrides, GaN has been extensively 
studied for sensor applications due to the fact that it is very robust, inert to etching, and it can 
be chemically functionalized, thus allowing for the possibility to generate multi-layer 
chemical systems.16 InN on the other hand is a semiconductor for which there has been very 
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little work done in the area of chemical sensors and biosensors. InN is chemically stable and 
has a wurtzite crystal structure. It also has an induced polar surface.1, 15 A unique property of 
this material is its very high surface electron concentrations,17, 18 which contribute 
considerably to the lateral conductivity of thin InN films.19, 20 Reactions causing a change in 
surface potential provide the grounds for the development of a highly sensitive sensor. This 
phenomenon has been utilized for the development of a series of gas sensors for AlGaN/GaN 
heterostructures.15 Despite this; InN is relatively unexplored as a matrix for chemical sensor 
and biosensor applications.  
 
Gas sensors are widely used for monitoring environmental and industrial processes and have 
gained interest in biomedical applications and in indoor environment control (e.g. 
automobiles, office spaces, laboratories). Their main applications are for use in indoor fire 
control as well as industrial safety. Sensors for toxic as well as highly combustible gases like 
NH3, NOX, CO, CH4 and H2 are in high demand. Group III-nitrides have seen the greatest 
interest for chemical gas sensing applications, chiefly for the detection of H2, ethanol and 
NH3.21-23 Catalyst metal coating (e.g. Pt, Pd and Au) on GaN, and InN nanowires has been 
found to greatly enhance their H2 detection sensitivity.9 
 
Humidity sensors have gained increasing applications in industrial processing, in the 
automobile industry, medical field, agriculture and in general environmental control.24, 25 In 
general industry, humidity sensors are used for humidity control in chemical gas purification, 
dryers, ovens, film desiccation, food processing, paper and textile production. In the 
automobile industry, humidity sensors are used in window defoggers and motor assembly 
lines. In the medical field, humidity sensors are used in respiratory equipment, sterilizers, 
incubators, pharmaceutical processing, and biological products. In agriculture, humidity 
sensors are used for green-house air-conditioning, dew prevention in plantation protection, 
and soil moisture monitoring.26  
 
One-dimensional (1D) nanostructures such as nanowires, nanorods and nanobelts are 
particularly suited for chemical and humidity sensing due to their large surface-to-volume 
ratio.9 However, a nanosensor constructed from a single nanoparticle or nanotube/wire might 
be prone to a poor signal to noise ratio which would require excessive signal processing. 
Also, the process of separating and localizing an individual nanowire between metallic 
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electrodes for electrical transport characterization is extremely time consuming and requires 
the use of tools such as electron beam lithography or atomic force microscopy facilities, 
which can make sensor fabrication prohibitively expensive 27 Sensor fouling is another 
concern.28 Although the power requirement for using multiple nanotubes is higher than that 
for single nanotube devices, the simplicity of fabrication including minimal processing steps 
for multiple nanotube sensors is highly favourable for future mass production of these 
sensors. 
 
In this study the use of 1D InN nanotubes and 2D platelets made of InGaN for chemical 
sensing of toxic and combustible gases as well as humidity has been explored. The spin-
coating device fabrication technique was used to prepare the integrated microelectrode sensor 
device because it is quick, cheap and easy to use. The response of the pristine group III-
nitrides (InN and InGaN) towards CO, NH3, CH4, NO2 and humidity was compared with the 
response of a SnO2 sensor. Gas sensors play an important role in providing comfort, safety 
and enabling process control of smart maintenance facilities. The gases studied here are 
environmentally hazardous and pose harm to human life. Carbon monoxide (CO) is a 
commonly known toxic asphyxiant and also explosive to some extent. Ammonia (NH3) is an 
eye and respiratory tract irritant. It is also extremely toxic; high concentrations and prolonged 
exposure to NH3 can result in death. Methane (CH4) is a well-known green gas; its explosions 
are responsible for many deadly mining disasters. Nitrogen dioxide (NO2) is the most toxic 
component in diesel emissions which contributes to the formation of acid rain. High doses of 
NO2 can cause acute bronchitis and death from prolonged exposure. Low concentration 
detection of all these gases is essential for the environment and for the betterment of human 
life. 
 
6.2. Results and discussion  
 
The gas sensor response for InN, InGaN and SnO2 was measured in the form of a current 
produced by the sensor upon exposure to different target gases under synthetic air (SA) at 
operating temperatures between 250 to 350 °C. The response was realised by switching the 
analyte gas on for 300 seconds while recovery was realised by switching the analyte gas off 
for 300 seconds while synthetic air flowed through the test chamber. The measured current 
(I) and the calculated current variation ratio (∆I/Io) were recorded under a bias voltage of one 
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volt across two platinum electrodes. The sensor sensitivity (S) is defined as S = ∆I/Io, in 
which I and Io are respectively, the steady-state output current values measured with the 
analyte gas added to the synthetic air stream and measured in the absence of analyte gas in 
the synthetic air stream.  
 
The response time (ti) is defined as the time required to reach ~ 90% of the total response of 
the output current upon exposure to the target gas. In a similar manner the recovery time (tr) 
is considered to be the time taken for the sensor to lose ~ 90% of the response signal when 
the analyte gas is switched off. 
 
The response of two group III-nitrides (InN, InGaN) to four toxic gases was compared with 
the response of the well-established SnO2 sensor. The group III-nitrides showed no response 
to all the analytic gases at room temperature. SnO2 on the other hand responded as expected 
at room temperature. In the temperature range from 250-350 °C, InN and SnO2 responded to 
all the analytic gases. However, InGaN showed no response to all the gases at 250 °C. At 300 
°C InGaN started to show a response to some of the gases and while its response was poor in 
comparison to the other two sensors it responded to higher concentrations of all the four 
analytic gases at 350 °C.  
 
While SnO2 is a well-established room temperature and high temperature gas sensor; a few 
studies done to date indicate that bare-InN and bare-GaN are rather high temperature sensors. 
Therefore it is not surprising that the group III-nitrides responded poorly at room 
temperature. Conductivity measurement studies done by others based on current-voltage, 
reported a progressive reduction of the InN device conductance as the temperature 
decreased.29 Uncoated InN nanobelts have been reported to show no response to H2 for 
concentrations ranging from 20 to 300 ppm from room temperature to 150 °C, but addition of 
Pt or Pd metal onto InN nanobelts produced a strong response to H2 under the same gas 
concentration at room temperature.9 
 
Figure 6.1 shows the influence of gas concentration on the current produced by the sensor. 
The correlation between switching the gas ON and OFF with the current signal can easily be 
observed and the recovery of the sensor as when the gas is switched off (Fig. 6.1). The 
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signals demonstrated that the current variation is reproducible, reversible and that the 
amplitude depends on the gas concentration. 
 
6.2.1 Carbon monoxide detection by InN compared to SnO2 
 
Figure 6.2 plots show the change in the calculated CO sensor current variation ratio (∆I/Io) as 
a function of time for the InN sensor compared to SnO2. Seven cycles were successively 
recorded corresponding to seven CO/air concentrations ranging from 5-100 ppm at three 
different temperatures respectively (250, 300 and 350 °C). Sensitivity increased with analyte 
gas concentration as was expected. As the CO concentration increased from 5 ppm to 100 
ppm, the current variation ratio of the InN sensor at 250 °C increased from 27 to 260% which 
is about 5 times more than the SnO2 response towards CO at the same temperature (Fig. 6.2a 
and b). The 27% sensor response is comparatively high when using 5 ppm of CO. The OSHA 
exposure limit to CO is 50 ppm over 8 h.30 The observed response towards 5 ppm is good 
enough to render InN as a practical CO sensor. However for the InN sensor the response to 
CO decreases to ca. 3.3 and 13.3% for 5 and 100 ppm of CO respectively as the temperature 
increased to 350 °C, whereas the opposite was observed for SnO2. The response for a SnO2 
sensor towards 5 and 100 ppm of CO increased from 6% and 45% at 250 °C to 30% and 
440% at 350 °C respectively (Fig. 6.2a-f). The lower the temperature the better the response 
obtained from InN. However, this observation implies that InN is a high temperature sensor, 
since no response was observed from InN sensor at room temperature. 
 
Apart from the use of CO sensors based on InxOyNz films fabricated from RF-sputtered In2O3 
films an Ar/N2 sputter gas, reports on InN based CO sensors are very scare. 31 To our 
knowledge no work has been reported to date on InN as a CO gas sensor.  
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Fig.6.1. (a) The CO gas ON and OFF concentration graph at 250 °C. (b) The InN response 
correlation to gas concentration. 
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Fig. 6.2. The relative response graphs of SnO2 and InN nanotubes respectively to various CO 
concentrations at different temperatures: (a) and (b) relative response at 250 °C; (c) and (d) 
relative response at 300 °C; (e) and (f) relative response at 350 °C.  
 
6.2.2 Ammonia detection by InN compared to SnO2 
 
The current variation plots for both InN and SnO2 to NH3 are shown in Fig. 6.3. The relative 
response of InN to NH3 increased slightly with temperature. At 250 °C approximately 19% 
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response was recorded from the InN sensor for 100 ppm of NH3 (Fig. 6.3a). The response 
then increased to 24% at 300 °C for the same analyte concentration (Fig. 6.3c). A 28% 
response was recorded at 350 °C for 20 ppm of NH3 (Fig. 6.3e). An increase in response at a 
lower analyte concentration is an ideal characteristic required for a good sensor. 
Unfortunately, for the InN sensor the increase in response towards NH3 came at a price; early 
sensor saturation. At 350 °C the InN sensor reached a maximum response at 20 ppm of NH3; 
when the NH3 concentration was increased beyond 20 ppm the relative response was the 
same, indicating saturation (Fig. 6.3e). On the contrary, the response of the SnO2 sensor to 
NH3 increased with temperature from 60% at the low temperature to 1300% at high 
temperature (Fig. 6.3b-f). Even though the SnO2 sensor showed early saturation at 250 °C, its 
saturation point improved with increasing temperature. At 250 °C the SnO2 sensor was 
saturated at 40 ppm of NH3 (Fig. 6.3b), while the saturation point improved to 80 ppm of 
NH3 at 300 and 350 °C (Fig. 6.3d and f). It can be deduced from these observations that InN 
is not as good an NH3 sensor as SnO2. However, the ability for InN to respond to 5 ppm of 
NH3 within 122 and 75 seconds at 250 and 300 °C respectively renders InN a probable 
candidate for NH3 on the basis of the OSHA short term exposure limit of 35 ppm of 
anhydrous NH3 over 15 min.30  
 
Several studies on the detection of NH3 using metal oxides have been reviewed by Eranna et 
al.32 The review reported NH3 detection in the operating temperature range of 200-1000 °C, 
with detection limits ranging from 25-500 ppm with an average response time of 2-5 min.32 
In comparison to the reviewed metal oxide sensors for NH3, with the exception of SnO2, our 
InN sensor is seen to compete favourably. An earlier study reported on an NH3 based ternary 
AlInN alloy sensor, found that the conductance of the AlInN sensor increased when the 
concentration of the injected NH3 gas was increased from 500 to 4000 ppm.33 Recently a 
graphene/InN heterojunction device demonstrated sensitivity to dilute NO2 (30 ppb) and NH3 
(100 ppb). The presence of a Schottky barrier was linked to the observed sensitivity from the 
device.34 In a later study, a gas sensor based on platinum supported on ultrathin InN was used 
to detect sub-ppm NH3 concentrations in an environment simulating exhaled human breath.35 
The reported InN based NH3 gas sensor had a minimum detection limit of 0.2 ppm. There is 
no doubt that the Pt-catalyst/InN sensor showed superior response in comparison to bare-InN. 
To our knowledge this study is the first to report on the response of bare-InN towards NH3 
above room temperature. Most studies that yield no response from bare-InN at room 
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temperature follow the functionalization route. However, the fact that the bare-InN sensor 
showed a better response towards CO over NH3 even though both gases are reducing is a 
good indication of selectivity towards CO by InN. This renders InN a better n-type sensor in 
comparison to the well-known non-selective SnO2 sensor. 
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Fig. 6.3. The relative response graphs of SnO2 and InN nanotubes respectively to various 
NH3 concentrations at different temperatures: (a) and (b) relative response at 250 °C; (c) and 
(d) relative response at 300 °C; (e) and (f) relative response at 350 °C. 
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6.2.3 Methane detection by InN compared with SnO2 
 
The test results for a gas made of neutral molecules (CH4) at 250 °C using the InN and SnO2 
sensors are shown in figure 6.4. The InN based sensor showed an outstanding response 
towards CH4 in comparison to SnO2. The InN sensor recorded a relative response of 
approximately 16% to 5 ppm of CH4 at 250 °C (Fig. 6.4a), while only a 2.5 % response to 5 
ppm was observed from SnO2. An increase in response with increasing CH4 concentration at 
250 °C was observed from the InN sensor with the onset of sensor saturation at 60 ppm after 
attaining a 58% response (Fig. 6.4a). While SnO2 only attained a maximum response of 4% 
and its response deteriorated with an increasing amount of CH4 at 250 °C. Methane detection 
tests were also carried out at 300 and 350 °C for both InN and SnO2 sensors; the results are 
shown in Fig 6.4 (c-f). While current values increased with increasing detection temperature 
for InN, sensor saturation at lower analyte concentration also ensued. On the other hand SnO2 
gave a high relative response to CH4 at lower concentrations, with decreasing response and 
maintenance of a low response as the concentration increased. However, a rather unusual 
pattern at both 300 and 350 °C was observed as the relative response peaked to high values at 
the highest concentration (100 ppm). While it could be assumed that a decreasing response 
with increasing analyte concentration might be due to semiconductor active site saturation, it 
is difficult to explain why increasing the concentration beyond the saturation point for SnO2 
the CH4 interaction at high temperature resuscitated the response. This therefore requires a 
physicochemical interaction for CH4 detection to be invoked. 
 
According to a recent study InN was reported to show a good response towards CH4 at 
elevated temperatures. In that particular study InN nanoparticles showed a response towards 
CH4 with a minimum detectable concentration of 50 ppm and a maximum response of ~ 11 % 
towards 500 ppm of CH4 at 200 °C.36 According to our knowledge this is the first report on 
the use of an InN based CH4 sensor. 
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Fig. 6.4. (a) InN relative response graph to CH4 at 250 °C and (b) SnO2 relative response to 
CH4 at 250° C, (c) InN response to CH4 at 300 °C, (d) SnO2 response to CH4 at 300° C, (e) 
InN response graph to CH4 at 350 °C and (f) SnO2 response to CH4 at 350° C 
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6.2.4 Nitrogen dioxide detection by InN compared with SnO2 
 
Detection test plots for the oxidising gas NO2 by InN and SnO2 are shown in Fig. 6.5. InN 
showed a normal response towards NO2 but SnO2 on the other hand gave erratic response 
towards NO2 making comparisons very difficult. A 26% response to 5 ppm of NO2 was 
obtained from the InN sensor in approximately 143 seconds (table 6.2). The lowest tested 
NO2 concentration was above the OSHA short term exposure limit of 1 ppm. The relative 
response to NO2 by InN at 250 °C increased with increasing NO2 concentration (Fig.6.5a). At 
100 ppm of NO2 a 60% response was attained (Fig. 6.5a). While the overall relative response 
for InN to NO2 at 300 °C was lower than at 250 °C, an increase in response signal intensity 
with increasing analyte concentration was still maintained (Fig. 6.5c). However, a U-shape 
parabolic response signal was observed at 350 °C, where the response decreased as the 
analyte concentration reached 20 ppm, producing a triple set of peaks. The peaks then 
increased again as the concentration was increased to 40 ppm (Fig. 6.5e). On the contrary, for 
the SnO2 sensor the response at 250 °C increased from 5 to 10 ppm, but thereafter kept on 
decreasing with increasing concentration until there was hardly any observable response (Fig. 
6.5b). At 300 °C and 350 °C the response was higher than at 250 °C but similarly after 10 
ppm of NO2, the SnO2 response decreased with increasing analyte amount. (Fig. 6.5d and f). 
The InN response graphs towards NO2 showed secondary signals on almost every cycle 
suggesting that the reaction mechanism is more complex than just adsorption. It is well 
known that InN is characterised by a high electron concentration and high charge mobility, 
thus its interaction with strong electron withdrawing groups on the NO2 molecule most likely 
encourages electron transfer processes to take place leaving the sensitivity rather 
unpredictable and difficult to explain. In general the InN response to NO2 surpassed the SnO2 
response, thus rendering InN responsive to both oxidising and reducing gases, a rather 
unusual behaviour for a well-established n-type material.  
 
However, even though InN could be an unusual candidate for NO2 detection it has been 
studied before by others. In one study a graphene/InN heterojunction diode device was used 
for NO2 gas detection at room temperature. A 5.5% current change response in 60 sec was 
reported. In our study no response was obtained from InN towards NO2 at room temperature. 
The authors in their study explained that the improvement in sensitivity to NO2 at room 
temperature from a graphene/InN heterojunction, in comparison to pristine InN, was due to 
 Chapter		-Sensors 	
 
   
 
the presence of a tuneable Schottky barrier formed between graphene and InN that can be 
modulated by analyte gas molecules.37 It would seem that unless noble metals or an InN 
based heterostructure is employed no response could ever be obtained at room temperature 
from bare-InN. For instance it was stated that platinum addition to InN can increase the 
output current signals by 2.5 fold as well as reduce the response time by 8.4 fold in 
comparison with bare-InN.37, 38 
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Fig. 6.5. (a) InN Relative response graph to NO2 at 250 °C and (b) SnO2 current response to 
NO2 at 250° C, (c) InN response graph to NO2 at 300 °C, (d) SnO2 current response graph to 
NO2 at 300 °C, (e) InN response graph to NO2 at 350 °C and (f) SnO2 current response graph 
to NO2 at 350 °C. 
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6.2.5 Gallium nitride based sensors  
 
6.2.5.1 Carbon monoxide detection by GaN  
 
In contrast to InN, the other group III-nitride sensor studied (GaN) showed no response to all 
the analytic gases at 250 °C. A response to CO and CH4 was observed at 300 °C (Fig. 6.6a 
and c). The graph of the response signal obtained from CO gas at 300 °C had rather unusual 
noise; as a result the relative response values used were read from within the peak heights 
(Fig. 6.6a). A minimum 5% response was obtained from 5 ppm of CO. The response 
increased gradually with CO amount until a maximum response of 35.3% was attained from 
80 ppm of CO (Fig. 6.6a), after which the response dropped to 29% at 100 ppm of CO. The 
SnO2 response to CO at the same temperature is similar. In comparison to InN, under the 
same conditions, GaN produced a smaller response. Even though the detection limit for CO at 
350 °C was higher (20 ppm), the relative response seemed to have improved with no impact 
of noise observed in the pattern (Fig. 6.6b).  
 
Reports on the use of GaN for CO sensing are very rare, making it difficult to compare the 
performance observed in this study to the literature. However, Pt-AlGaN/GaN Schottky diode 
gas sensors have been reported to show a response to CO at 50 °C. It was pointed out that the 
device exhibited a slow recovery in ambient air and none in pure N2, suggesting oxygen 
molecules could assist the desorption of CO.39 In a different study CO detection with a 
Schottky gas sensors using Pt-AlGaN/GaN/Si heterostructures were reported to show good 
sensitivity in the temperature range of 250 to 300 °C (530% at 160 ppm of CO).40 In another 
study the response characteristics of a Pt/GaN Schottky barrier diode to CO was investigated 
at 300 °C and a change in current response with CO gas concentration was reported.41 It was 
suggested that in a Schottky barrier based device, CO detection mechanism relies on surface 
dipole formation due to adsorption of CO molecules at the platinum metal catalyst surface.40, 
41
 
 
6.2.5.2 Methane detection by GaN  
 
While a response from GaN to electron donating gases such as CO may be expected, an 
exceptional response from GaN to CH4 was not expected. A remarkable response of 28% to 5 
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ppm of CH4 at 300 °C was obtained (Fig. 6.6c). The response improved with increasing CH4 
amount, with a maximum response of 189% to 80 ppm of CH4 obtained at this temperature 
(Fig. 6.6c). However, the GaN response to CH4 decreased with increasing temperature. 
Increasing the temperature to 350 °C resulted in the response for a detection limit of 5 ppm 
dropping to almost half the response (12.8%) recorded for the same limit at 300 °C (Fig. 
6.6d). It was observed that at high temperature the GaN response towards CH4 also decreased 
with increasing CH4 amount. A maximum response of 115% was attained at 40 ppm marking 
the onset of sensor saturation at 350 °C (Fig. 6.6d). GaN showed a good response towards 
CH4, much better than that observed for both InN and SnO2 towards CH4 (Fig. 6.6c and d). 
Patsha et al. used GaN nanowires to study methane sensing at 125 °C.42 They obtained a 
1.27% response with a detection limit of 50 ppm. They suggested that the physicochemical 
processes at the surface of a semiconductor involved in electrochemical and sensing devices 
were strongly influenced by the presence of intrinsic or extrinsic defects.42 The higher 
temperatures used in our studies could be responsible for high responses observed at a low 
detection limit (5 ppm). 
 
6.2.5.3 Ammonia and nitrogen dioxide detection by GaN  
 
The GaN sensor responded poorly to both NH3 and NO2. GaN did not respond to either gas at 
300 °C. The response obtained for both gases at 350 °C had a detection limit of 20 ppm. A 
uniform response of ~ 21% was observed from all concentrations of NH3 (Fig. 6.6e). 
However, a good response was observed towards NO2, even though the detection limit was 
high. A 54% response was obtained from 20 ppm of NO2, increasing to a maximum of 68 % 
at 40 ppm, after which it declined with increasing NO2 (Fig. 6.6f).  
 
The observation that the GaN sensor did not respond to NH3 and NO2 at room temperature, 
250 °C, 300 °C and gave a poor response at 350 °C, is in contrast with the studies done by 
Chen et al, where their hybrid GaN-coated cellulose nanocomposite was reported to have 
given a good sensitivity (2.5%, 25 ppm of NH3 and 10.5%, 0.5 ppm of NO2) and fast 
response and recovery times for both NH3 and NO2 at room temperature.43 The gas sensing 
mechanism of the GaN-cellulose gas sensor was explained as due to a defect-related charge 
depletion layer for the NO2 gas and a surface adsorption of oxygen species of GaN 
nanoparticles for the NH3 gas. 43 In a different study bare-GaN gave a response (30%, 50 
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ppm) to NH3 at room temperature. Gas sensor properties were related to intrinsic defects, 
which act as sorption sites. However, findings from a different study align with our own 
observations on NO2 detection by a GaN sensor. Lim et al reported room temperature NO2 
detection from a surface sensitized AlGaN/GaN heterostructure, while their unsensitized 
sensors did not respond to NO2. However, by exposing the unsensitized sensors to 500 ppm 
of NO2 at 250 °C they obtained a 2.8% response.44 In another study a negative voltage cross-
sensitivity was detected by both a Pt-GaN Schottky diode and a GaN/AlGaN heterostructures 
from 1000 ppm of NO2 in the temperature rang 200-600 °C. 45 It should be noted that there 
are very limited reports on the use of bare-GaN for the detection of NH3 and NO2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Chapter		-Sensors 	
 
   
 
0 1000 2000 3000 4000 5000
-10
0
10
20
30
40
100 ppm80 ppm
60 ppm
40 ppm
20 ppm
10 ppm
5 ppm
∆Ι∆Ι ∆Ι∆Ι
// // ΙΙ ΙΙ οο οο
time (s)
a
GaN-CO-300 
 
0 500 1000 1500 2000 2500 3000 3500
-5
0
5
10
15
20
25
20 ppm
40 ppm
60 ppm 80 ppm
∆ 
Ι /
 
Ι
∆ 
Ι /
 
Ι
∆ 
Ι /
 
Ι
∆ 
Ι /
 
Ι οο οο
 
  
 
( %% %%
)
time (s)
100 ppm
e
GaN-NH3- 350 
 
Fig. 6.6. (a) GaN response graph to CO at 300°C, (b) GaN response graph to CO 350 °C, (c) 
GaN response graph to CH4 at 300 °C, (d) GaN response graph to CH4 at 350°C, (e) GaN 
response graph to NH3 at 350 °C and (f) GaN response graph to NO2 at 350 °C. 
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6.2.6 How responsive is the bare InN nitrides sensor? 
 
Figure 6.7 illustrates the impact that temperature has on both the response and recovery times 
of the InN sensor for the lowest gas concentration studied on all the gases. The plots for the 
chosen analytic gases show that both the response and recovery times taken by the sensor in 
the presence of 5 ppm of the analyte shortened as the temperature increased. Evidently the 
response and recovery times shortened with increasing analyte concentration as well. Table 
6.2 provides the summary of response and recovery times for InN sensor to 5 ppm 
concentration for all the four analytes at different temperatures. The response time for 5 ppm 
of CO improves 8-fold with temperature from 208 to 24 seconds as the temperature is 
increased from 250 to 350 °C. A similar 4-fold improvement is observed for 5 ppm of CH4. 
However for NH3, even though there is an improvement in response time it is quite small in 
comparison to that found for CO and CH4. The response time of 124 seconds to only 5 ppm 
of NH3 is remarkable, considering the OSHA limit of exposure is 25 ppm. It is rather difficult 
to do an assessment by comparison as most of the published work on InN is in the presence 
of the platinum group metal catalysts (table 6.2). Table 6.2 reveals that the response times 
reported on bare InN are recorded in thousands of seconds at 200 °C. On this basis, the 
response in tens of seconds in the absence of a catalyst can be considered to be quite good. 
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Fig. 6.7. The response (ti) and recovery (tr) times graphs for InN sensor to 5ppm of CO and 
5ppm of CH4 at different temperatures. (a) CO at 250 °C, (b) CH4 at 250 °C, (c) CO at 300 
°C, (d) CH4 at 300 °C, (e) CO at 350 °C and (f) CH4 at 350 °C. 
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Table 6.1. InN sensor response/recovery times for a 5ppm analyte concentration at different 
temperatures. 
 
Gas type (analyte) Temperature (°C) Response time (s) Recovery time (s) 
CO 250 208 297 
300 24 60 
350 24 33 
NH3 250 122 222 
300 107 129 
350 101 54 
CH4 250 308 138 
300 82 140 
350 80 110 
NO2 250 143 45 
300 150 219 
350 72 141 
 
Table 6.2. An overview of the reported InN sensors performances. 
 
Material 
composition 
Gas 
Type 
(Analyte) 
Detection 
Concentration 
(ppm) 
Operating 
temperature 
(C) 
Response 
time (sec) 
Recovery 
time (sec) 
Ref 
Pt/InN 
nanobelts 
H2 20 25-190 ____ 2 min 21 
Pt/InN 
nanorods 
H2 10 25 ____ ____ 66 
Pd/InN 
nanobelts 
H2 100 ppm 25-130 < 2 10 min 
(50%) 
23
 
InN layer H2O  23.5-26.5 2 ____ 67 
InN film  acetone 10 200 1260 3740 35 
Pt/InN film  acetone 10 200 150 2000 35 
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6.2.7 Will cross sensitivity be an issue with a bare InN sensor? 
 
Figure 6.8 illustrates the sensitivity and selectivity of the InN sensor to the analytes at any 
given temperature. Figure 6.8a shows that the InN sensor has a high response towards CO at 
250 °C, whereas it has a high affinity for NH3 at 350 °C (Fig. 6.8b). The sensitivity towards 
NO2 is acceptable at 300 °C as compared to its fluctuating response at 250 and 350 °C (Fig. 
6.8c). Figure 6.8d reveals that the saturation limit for CH4 is rather low (10 ppm) at high 
temperatures. The response below 10 ppm improves with temperature as expected but then 
declines after saturation at 300 and 350 °C. Even though the bare-InN sensor shows a 
response to all the four analyte gases, different temperatures favour one analyte over the 
others. Thus, selectivity in the InN sensor depends on temperature. 
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Fig. 6.8. (a) Comparison of the InN sensor responses to CO at different temperatures, (b) 
Comparison of the InN sensor responses to NH3 at different temperatures, (c) Comparison of 
the InN sensor responses to NO2 at different temperatures and (d) Comparison of the InN 
sensor responses to CH4 at different temperatures.  
 
6.2.8 Relative humidity detection 
 
In comparison to TiO2 and other high-temperature semiconducting metal oxides, SnO2 has 
shown electronic conductivity at low temperature. Therefore, SnO2 humidity sensors based 
on semiconducting properties are expected. It is well known that the selectivity of SnO2 gas 
sensors is not very good. In particular, if the sensors are submitted to real life conditions, 
their response becomes ambiguous because of the influence of ambient water vapour. It is 
therefore crucial to establish if group III-nitride sensor would be prone to humidity 
interference. 
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The conductance responses of the humidity sensors based on the as-synthesized materials in 
the range of 10% - 85% relative humidity (RH) at bias voltage of 1 V and a temperature of 25 
°C are shown in Fig. 6.9. The signals demonstrated that the current variation is reproducible, 
reversible and that the amplitude depends on the relative humidity. Both SnO2 and InN 
responded to the 10% RH whereas GaN only showed response when the relative humidity 
was around 60%. While the response obtained from SnO2 and InN may be ideal for the 
application of these materials for humidity sensors, it will limit their practical use as a 
chemical sensor as they will be susceptible to humidity cross sensitivity rendering them very 
unreliable as a gas sensors. Response and recovery times are important characteristics of 
sensors in general, including humidity sensors. The response time has to be very short for 
practical applications of humidity variation detection. The response recovery and times were 
55 and 79 seconds respectively to 10% RH for SnO2. Both response and recovery times 
became shorter with increasing relative humidity. 
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Fig. 6.9. Humidity response graphs for SnO2, InN and InGaN sensors at room temperature. 
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Fig. 6.10. Dependence of response and recovery times on relative humidity. 
 
6.2.9 Gas sensing mechanism 
 
It is well established that the sensing mechanism in semiconductors relies on perturbations in 
surface conductivity induced by the interaction between target gases and the surface of the 
semiconductor. Reports on physical evidence of the types of molecular or atomic species 
generated on the surface of a sensor as well as those involved during the interactions that 
follow are hard to find. However, several studies propose that the sensing mechanism relies 
on chemical reactions between target gases and oxygen species from air adsorbed onto the 
surface.46-49 According to several studies, molecular oxygen adsorbs onto the surface of an n-
type semiconductor and subsequently transforms into charged oxygen species (anions) by 
taking up electrons from the semiconductor by chemisorption. The chemisorbed oxygen ions 
have been proposed to be involved in the sensing mechanism. Based on photo-desorption and 
adsorption studies, Barry and Stone et al. suggested that the prevalent form of the oxygen ion 
found between room temperature and 200 °C was O- and that prevalent above 300 °C was O2-
.
50
 A different study by Glemza et al. also reported the observation of two types of oxygen 
ions; one at room temperature (O-) and the other at ≥ 200°C (O2-).51 Doerffler and Hauffe 
argued that the method used by Glemza et al, 51 could not distinguish O- from O2-, and they 
suggested, based on photoconductivity studies of ZnO in the presence of CO that a 
considerable portion of the chemisorbed oxygen was in the form of O2- (25-250 °C).52 Chang 
et al using electro paramagnetic resonance (EPR) measurements confirmed that the stable 
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oxygen ions were O2− below 100 °C and O− above 100 °C.53 Takata et al. suggested that 
chemisorbed oxygen transformed with increasing temperature as: O2 → O2- → 2O- → O2-, 
where O2− would be found below 100 °C, O− between 100 and 300 °C, and O2− above 300 
°C. 54 
 
Therefore according to these studies; for an n-type semiconductor such as InN, the adsorption 
of oxygen species creates surface-acceptor sites that immobilize conduction band electrons 
from the near surface region. This creates a depletion layer and a high resistance in ambient 
air. Thus the semiconductor sensor would be non-conducting in air. This is observed as the 
recovery period during gas sensor measurements. Interactions which return electrons back 
into the semiconductor conduction band lower the resistance. 46  
 
 
6.2.9.1 Carbon monoxide sensing mechanism 
 
To explain the sensing mechanism for CO in our study we used information from the oxygen-
species based theory. In particular it is suggested that reducing gases such as CO would 
perturb the surface conductivity in n-type semiconductors by removing surface bound oxygen 
species. This in turn would release the immobilized electrons back into the semiconductor, 
thereby decreasing the thickness of the depletion layer and hence increasing its conductivity 
(response) (Fig. 9.11). On the basis of this mechanism chemisorption would be solely 
responsible for the detection of reducing gases by n-type semiconductors. When 
chemisorption is involved adsorption would be expected to increase with temperature. 
However, this mechanism may not be universal for all reducing gases and n-type 
semiconductors. 
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Fig. 6.11. Mechanism for detection of reducing gases on n-type semiconductor. 
 
6.2.9.2 Ammonia sensing mechanism 
 
More difficult to understand is the mechanism behind the NH3 response. The main question 
is: Does ammonia dissociates to produce H atoms, with a response mechanism similar to that 
of the hydrogen response, or is it the ammonia molecule itself that is the detected species? 
Experimental evidence suggests that ammonia does not dissociate on a Pt (111) surface 
below 300 °C. 55 However, if the oxygen is adsorbed on the surface prior to the ammonia 
exposure, the oxygen species will aid in the cleavage of H-N bonds in the NH3 molecule. 55 
This phenomenon was confirmed using a Pd-MOS device, where water formation was 
observed when an oxygen pre-covered surface was exposed to NH3. 56 Although the 
oxidation of ammonia in the presence of a platinum catalyst has been widely studied, 57 little 
attention has been paid to the non-catalytic reaction. Apparently, non-catalytic oxidation of 
ammonia may occur but with some difficulty. The non-catalytic reaction between ammonia 
and oxygen was studied by Stephens et al. at 600 °C, by varying the NH3:air ratio and it was 
found that the conversions were small and erratic (~1-2%). Temperatures higher than 600 °C 
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had to be used to improve the conversion. The authors observed an essential peculiarity of the 
ammonia oxidation, which was ammonia inhibiting its own reaction with oxygen leading to 
ammonia’s poor combustion characteristics.58 Based on these dissociation studies, catalytic 
and non-catalytic oxidation of ammonia may be dismissed as a possible mechanism of 
detection leaving behind molecular adsorption as the probable mechanism. However, further 
spectroscopic measurements are necessary to establish the species responsible for ammonia 
detection. 
 
6.2.9.3 Methane sensing mechanism 
 
Methane detection with n-type sensors presents a challenge. From figures 6.4 and 6.8 it can 
be seen that CH4 detection is preferred at low temperature and the detection decreases with 
increasing temperature. Theoretical studies showed that the reaction barrier for the oxidative 
dehydrogenation of CH4 via an adsorbed oxygen atom on Pd is significantly larger than that 
of pyrolytic dehydrogenation due to the larger repulsive interaction between the adsorbed Oad 
and a H-atom in CH4 species in the transition state. 59 It has been indicated that gas-phase 
combustion for CH4 can only occur within given flammability limits. 60 The catalytic 
combustion of methane is complicated by the necessity to initiate oxidation at quite high 
temperatures.60 
 
When oxidation of CH4 over supported Pt and Pd catalyst was carried out by Culli et al. in 
the temperature range of 250-450 °C, less than 1% of the methane was consumed and by 
elevating the temperature to 550 °C, ca. 3% of the CH4 reacted. 61 Values for the activation 
energy of methane oxidation over Pd were reported to be in the range of 88-92 ±5 kJ.mol-1 
and slightly higher for Pt (104-116 ±4 kJ.mol-1).61 Studies of the pyrolysis of methane in the 
absence of oxygen showed that hydrogen was a product at temperatures above 300 °C over 
palladium. 61  
 
Therefore oxidative dehydrogenation of CH4 as a mechanism of detection seems highly 
unlikely in our studies. If the oxidative dehydrogenation reaction occurred, CO and H2O 
would be some of the expected products. InN and SnO2 have shown good response in our 
studies towards these two analytes therefore if the resulting CO and H2O were responsible for 
detection of CH4, a good response would be obtained from CH4. But only a poor response 
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towards CH4 has been obtained in our studies. Oxidative dehydrogenation of CH4 would be 
favoured by increasing temperature but in our studies the response towards CH4 deteriorates 
at higher temperatures. It can therefore be taken that pyrolytic dehydrogenation would be the 
probable mechanism (Fig. 6.12). This would give the observed decrease in response with 
increasing CH4 concentration and with increasing temperature as the sensor surface becomes 
occupied by methyl group. 
 
 
Fig. 6.12. Molecular adsorption and pyrolytic dehydrogenation of methane. 
 
6.2.9.4 Nitrogen dioxide sensing mechanism 
 
Oxidizing gases such as NO2 further immobilize the conduction band electrons from the near 
surface region by creating additional surface-acceptor sites. This increases the thickness of 
the depletion layer, and consequently the conductivity decreases (resistance increases) as 
does the sensor response. 62 Our InN showed an unusual case of an n-type semiconductor 
responding to NO2. This is more likely to be as a result of electron compensation from the 
metallic indium core into the InN conduction band. The major charge carriers are electrons 
and holes for n-type and p-type semiconductors, respectively.  
 
6.2.9.5 Humidity sensing mechanism 
 
Water molecules are observed to increase the conductivity of n-type semiconductors and to 
decrease the conductivity of p-type semiconductors. This effect has been attributed to the 
donation of electrons from the chemically adsorbed water molecules to the semiconductor 
surface.63 An alternative mechanism has also been proposed.64 It was suggested that water 
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molecules replace the previously adsorbed oxygen ions (O−, O2−, etc.) and then release the 
electrons back into the conduction band of the semiconductor.64 However, there are 
suggestions that the water layer formed by physisorption may be proton conductive.65 
Therefore, at room temperature the conductivity of semiconducting materials appears to be 
due to the addition of both electrons and protons.65 
 
6.3 Experimental  
 
6.3.1 Growth of semiconductor materials 
 
InN nanotubes and hexagonal GaN platelets were synthesised from their respective oxide by 
ammonification/nitridation using UV-assisted CVD as described in our previous work.68 
SnO2 particles were prepared by solvothermal synthesis from 100 mg SnCl2, 25 ml 
triethyleneglycol, 5 ml H2O and KOH (pH 4) at 180 °C for 30 min. The n-type 
semiconductor materials were characterised by XRD and TEM/SEM techniques (Fig. 6.13). 
 
 
Fig. 6.13. (a) TEM image of InN nanotubes, (b) TEM image of SnO2 particles and (c) SEM 
image of GaN platelets. 
 
6.3.2 Device fabrication 
 
The InN, GaN and SnO2 nanostructures were ultrasonically dispersed in propanol and drop-
coated on the alumina substrate integrated microelectrodes containing two electrodes and a 
temperature sensor heater on the reverse side (Fig. 6.14). 
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Fig. 6.14. An alumina integrated microelectrodes assembly. 48 
 
6.3.3 Measurement of the gas-sensing performance 
 
The sensor temperature at the heater current values of 210 mA, 250 mA, 275 mA were 250, 
300 and 350 °C respectively for an applied heater voltage of 4.8 V. Prior to the 
measurements, the sensor was heated at 400 °C for 24 h to remove any residual organic 
content. A total flow-through flux with a constant flow rate of 500 sccm was used to test the 
gas-sensing properties of the thin films at atmospheric pressure and a system bias voltage of 1 
V. Synthetic air was used as the carrier gas into which the desired concentrations of CO, 
NH3, NO2 and CH4 were added for sensor property measurements. The film conductivity was 
measured by a Keithley 6487 picoammter/voltage source meter using a Kinesistec testing 
station (Fig. 6.15). The Keithley 6487 picoammter/voltage produces a voltage sweep and then 
measured the resulting current. It also provided both sweeping and biasing. The response and 
recovery of device were measured for 5 minute each. 
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Fig. 6.15. (a) The schematic presentation of the gas sensor test station set up and (b) an image 
of the Kenosistec test station and the inside of the test chamber.69 
 
6.4 Conclusions 
 
In this study two n-type group III-nitrides (InN, GaN) were used for the detection of reducing 
and oxidising gases. The study compared the sensor response of the group III-nitrides against 
the response of the well-established n-type SnO2 sensor. It was established that while InN and 
GaN responded to more than one analyte gas, they showed much better selectivity in 
comparison to SnO2. InN gave a good response to CO at 250 °C. InN sensitivity to CO at 250 
°C surpassed its sensitivity to any other gas at the studied temperatures. Its response to CO at 
250 °C was about five times more than that of SnO2 at the same temperature. GaN on the 
other hand, gave a better response to CH4 at 300 °C than the other two sensors across the 
studied temperature range. Meanwhile SnO2 responded remarkably to both NH3 and CO 
across the studied temperature range with its performance improving with increasing 
temperature.  
 
It is normally a bad trade for a sensor to respond to more than one gas at a particular 
temperature. However, the ability for InN to give reasonable responses to both NH3 and NO2 
at 250 °C opens up the possibility for an application of InN as an ammonia sensor in diesel 
engines where the injected NH3 used for reduction of NOx to N2 needs to be monitored. 70 
Apart from the sensible response given by InN to NO2 at 250 °C only, all the other sensors 
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that responded to this analyte at all the studied temperatures were very erratic. More response 
signals than necessary were observed towards this gas. The signal increased and decreased at 
random regardless of the NO2 analyte amount tested. Therefore concrete conclusion 
pertaining to the performance of the studied sensors towards NO2 cannot be drawn without 
further investigation.  
 
InN and SnO2 responded to low humidity levels indicating that they are prone to humidity 
interference in a real environmental situation. However, GaN showed robustness and some 
level of inertness towards humidity making it an ideal material for both indoor and outdoor 
real life sensor as well as bio-sensors.  
 
Ideally the basis of a good sensor is mostly determined by how well it performs at room 
temperature for practical daily applications. However, there is a requirement for high 
temperature gas sensors intended to operate under harsh conditions and high temperatures 
inherent near the reaction chamber of an aircraft engine. 71 The in-situ measurement of engine 
emissions is important not only for monitoring and controlling those emissions but also in 
determining the status of the engine. Therefore InN and GaN by showing activity at high 
temperatures only, present themselves as good candidates for in-situ high temperate gas 
sensing applications.  
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Chapter 7 
7.1 Conclusions 
 
Chapter1: Group III-nitrides are fascinating from a scientific aspect due to their peculiar 
behaviour. Most intriguing about these materials is the origin of their intrinsic n-type 
characteristic. In chapter 1 an overview of the evolutionary journey of the group III-nitrides 
synthesis, properties and applications in modern day science and technology is provided. A 
synopsis of the controversy surrounding indium nitride as a result of different synthetic 
techniques used to make this material and the limitations of different measurement techniques 
used to establish its properties is given.  
 
Chapter2: In chapter 2 chemical vapour deposition (CVD) synthesis technique and its 
working principles are discussed. The use of CVD method, precursors and parameters are 
described.  
Synthesis conditions specific for 1D group III oxides, phosphates and nitrides are highlighted. 
Characterization techniques used to investigate morphological, optical, chemical and 
electrical properties are also described. 
 
Chapter3: In Chapter 3 the effect of using a thermally stable indium source such as indium 
oxide against a hygroscopic and volatile indium source such as indium chloride was 
investigated at low temperatures (500-680 °C). It was found in this temperature range that 
particles of indium oxide were obtained from both precursors. However, there was a size and 
morphological difference in the particles obtained. Indium oxide nanoparticles made from 
InCl3 were spherical and small in size (≤ 20 nm) whereas those obtained from In2O3 were 
octahedral and large (≥ 500 nm). The observed difference in the type of the result In2O3 
nanoparticles was attributed to vapour deposition process being favoured for the InCl3 over 
the thermally stable In2O3 precursor in the studied temperature range. We therefore 
established that while the type indium precursor used has an impact on the final structures 
formed, it also dictates the synthesis parameters such as temperature, required for fabrication 
of different structures. 
 
The impact of varying temperature on materials prepared from the thermally stable In2O3 
precursor was undertaken. It was found that in the temperature range of 800-1100 °C 1D 
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nanostructures were obtained from 3D micro particles of In2O3. In the presence of a 
phosphorus sources (NH4PO4) 1D nanowires of the novel form of indium phosphate 
In3(PO4)2 were obtained in the studied temperature range, while 1D nanowires of In2O3 
resulted in the absence of a phosphorus source. It was established that high temperature is 
required to vapour deposition to occur from a thermally stable precursor such as In2O3. The 
effect of a reducing agent such as activated carbon was also studied and it was found to 
encourage secondary growth from the main axis of the nanowire. The combination of high 
temperature and a reducing agent (α-C) was therefore deemed necessary for the preparation 
of the unique necklace, nanonail, nanotree and nanocomb structures of In2O3 made in this 
study, as well as the nanotubes of In3(PO4)2 decorated with nanoparticles.  
 
Chapter4: The famous phrase written at the beginning of each report on indium nitride (InN) 
synthesis is, “InN is hard to make.” A successful technique to make InN was established in 
Chapter 4. The use of a combined thermal/UV photolysed approach to make InN materials 
with a wide range of shapes has been demonstrated. The capacity of photodecomposition 
processes of NH3 to assist thermal decomposition in generating active species necessary for 
nitridation of In2O3 has been illustrated. Photolysis of NH3 was found to be an effective way 
to reduce and nitridate NH3 resulting in the production of the “hard-to-make” indium nitride. 
 
It was suggested that while etching and reduction are required to convert In2O3 solid to its 
reactive vapour form In2O vapour and subsequently to metallic indium, which could act as a 
catalyst for 1D growth process, secondary growth processes leading to the various InN final 
structures (sheets, cone, discs, wires and tubes) are highly possible due to photo-activity. 
However a mechanism for InN tube growth by means of supersaturation and nucleation from 
the catalytic liquid indium metal phase via a VLS mechanism was proposed. While for the 
tubes made of cones as well as flaky rods a VS method was suggested. This study indicates 
the rich range of InN materials that is accessible by simple synthetic strategies. The study 
also indicates that the structures are linked together i.e. the structures form from each other. 
More work will be required to gain further insight into these shape/size transformation 
reactions. 
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Chapter5: For the less challenging to prepared group III-nitride (gallium nitride (GaN)) 
conventional CVD synthesis method was used and described in detail in Chapter 5. Pure GaN 
and InGaN materials were obtained. A quest to test the catalytic activity of indium on the 
growth of GaN structures led the study to the preparation of 2D InGaN hexagonal-shaped 
plates. The InGaN composition was established by EMPA-WDS characterization technique. 
As result of GaN nanorods being obtained in the absence of indium, while plates resulted in 
its presence, indium was deemed responsible for the formation of the 2D plates. However, the 
mechanism responsible for the precise control of the hexagon shape and size of the plates 
require further studies. The optical properties of the obtained InGaN materials render them 
good candidates for opto-electrical applications; of future interest to use are the solar-cell 
applications of the InGaN materials.  
 
Chapter6: Two n-type group III-nitrides (InN, GaN) were used for detection of reducing and 
oxidising gases against the response of the well-established n-type SnO2 sensor. The ability 
for the InN sensor to give reasonable responses to both reducing and oxidising gases creates 
the possibility for the application of InN as a multifunctional chemical sensor. The InN and 
GaN sensors by showing activity only at high temperatures, present themselves as good 
candidates for in-situ high temperate gas sensing applications, such as monitoring of 
emissions of hydrocarbons, and nitrogen oxides (NOx) near the engine. 
 
It was established that InN gave a good response to CO and a sensible response given by InN 
to NO2 at 250 °C, while GaN gave a better response to CH4 at 300 °C. Meanwhile SnO2 
responded remarkably to both NH3 and CO across the studied temperature range with its 
performance improving with increasing temperature. The other sensors responses to NO2 at 
all the studied temperatures were very erratic. Therefore conclusions pertaining to the 
performance of the studied sensors towards NO2 cannot be drawn without further 
investigations. 
 
InN and SnO2 sensors due humidity interference are likely to suffer from cross-sensitivity in 
a real-life environmental. However, GaN is ideal for both indoor and outdoor real life sensor 
application in humid environment. Response and recovery times for all sensors improved 
(shorter) with increasing temperature. Naturally, as the temperature is increased so is the 
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frequency of particle collisions on the sensor surface, thus rate of adsorption and desorption 
are increased at high temperatures. 
 
Recommendations: Since it has been suggested by Peltier that the novel In3(PO4)2 contains an 
In-In bond, it would be helpful do to infrared measurements in order to establish if the 
In3(PO4)2 materials made by our method has a metal-metal bond. High-resolution 
transmission electron microscopy studies would help establish lattice spacing for all materials 
prepared and would help establish if there is phase segregation in the InGaN alloys. It would 
also add to the pool of scientific knowledge to use InGaN powders in solar cell applications 
and determine the efficiency of the powders in comparison to the films reported in the 
literature. And because sensor application for bare InN and GaN were only performed at 
room temperature and above 250 °C in this study, it is necessary in the future to bridge the 
temperature range between room temperature and 250 °C.  
 
 
 
 
